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ABSTRACT

To understand organism function and disease and to target perturbed processes for
therapy, comprehensive knowledge of the underlying cell signaling networks is
required. However, mapping the interplay of the vast number of biomolecules
involved in these networks remains challenging. As a result, efforts have focused on
identifying the structural elements within biomolecules that facilitate signal
transmission. Receptor tyrosine kinases (RTKs) regulate the function of several
important organs and are most recognized as oncogenes in cancer. Research into the
structural determinants of RTKs that govern their signaling has led to clinically
approved therapies. However, some structural regions of these kinases remain poorly
understood. In this thesis, the diversity of cell signaling arising from variation in an
overlooked region in RTKs known as the extracellular juxtamembrane region was
explored. A sequence motif that controls the cell surface location and the signaling
of RTKs was identified, presenting a potential novel way to target RTKs for therapy.
The cell signaling pathways that regulate myocardial growth could be putatively
re-activated to treat heart failure or inhibited to treat pathological hypertrophy.
Additionally, these pathways may hold the key to regenerating the myocardium post-
injury. A pathway promoting myocardial growth involving STAT5b and the RTK
ErbB4 was uncovered in this thesis. VEGFB, traditionally associated with
endothelial cells, was additionally observed to elicit myocardial growth through
paracrine signaling involving ErbB RTKs. Activation of ErbB4 pathways in the heart
with NRG-1 has improved the cardiac function of heart failure patients implying that
the discoveries made in this thesis may aid in heart failure therapy development.
Finally, recent developments in omics technologies have facilitated the detection
and quantification of the different layers of cell signaling networks. Consequently, a
growing need for computational analyses capable of reverse-engineering cell
signaling pathways from multi-omics data has emerged. In this thesis, a new
computational approach specifically designed to discover cell signaling pathways
from multi-omics data without the use of prior information was developed. These
types of de novo methods remain essential for uncovering new cell signaling
connections, which, in turn, can unveil potential new drug targets to treat disease.

KEYWORDS: cell signaling, extracellular juxtamembrane region, ErbB4,
hypertrophy, motif, multi-omics, myocardial growth, receptor tyrosine kinase
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TIVISTELMA

Elimistén toiminnan ja sairauksien ymmértiminen sekd lddkekehitys edellyttdd
kattavaa tietoa solujen soluviestintidverkostoista. Koska soluviestintdmolekyyleji on
lukuisia, soluviestinnin tutkimus on keskittynyt 16ytiméén toistuvia rakenteellisia
soluviestintdd valittdvid alueita soluviestintimolekyyleistd. Reseptorityrosiini-
kinaasit (RTK:t) ovat solun pinnan soluviestintimolekyylejd, jotka sdatelevit useita
elimiston tirkeitd toimintoja ja joiden rakenteen tutkimus on johtanut useisiin
kaytossé oleviin lddkkeisiin. RTK:iden rakenteessa sijaitsee alue solun ulkopuolella,
jonka merkitysta ei ole aikaisemmin juurikaan selvitetty. Tdéman alueen vaikutusta
RTK:iden viestinndn monimuotoisuudelle tutkittiin tidssd viitdskirjassa. Alueelta
16ydettiin sekvenssimotiivi, joka sdételee RTK:iden sijaintia solun pinnalla seki
niiden viestintdd. Alueelle voidaan tulevaisuudessa mahdollisesti kohdentaa
RTK:iden viestintdd muuttavia ladkkeita.

Soluviestintéreittejd, jotka sddtelevdt sydénlihaksen kasvua, voidaan mah-
dollisesti aktivoida syddmen vajaatoiminnan hoitamiseksi tai estdd vahingollisen
syddmen litkakasvun lieventdmiseksi. Lisdksi nditd soluviestintireittejd voidaan
hyodyntdd vaurion jilkeiseen sydinlihassolujen regeneraatioon. Sydinlihaksen
kasvun soluviestintdreitteihin liittyvid havaintoja tehtiin tdssd viitoskirjassa. RTK
ErbB4:n todettiin aiheuttavan sydénlihaksen kasvua STATSb viestinndn kautta.
RTK ligandi VEGF-B:n puolestaan todettiin vaikuttavan sydénlihaksen kasvuun
ErbB RTK:iden viestinnin avulla. Koska ErbB4 viestinnén aktivointi on parantanut
syddmen vajaatoimintapotilaiden syddmen toimintaa, ndmi havainnot saattavat
edesauttaa syddmen vajaatoiminnan hoitojen kehitysta.

Omiikka-teknologioilla voidaan mitata soluviestintiverkostojen eri tasoja ldhes
kattavasti. Laskennallisia tydkaluja kuitenkin tarvitaan, jotta omiikka-teknologioilla
tuotettu tieto voidaan mallintaa soluviestintéreiteiksi. Uusi soluviestintireittien mal-
linnusohjelma kehitettiin téssd véitdskirjassa. Mallinnusohjelma kéyttdd ainoastaan
omiikka-teknologioilla saatua tietoa soluviestintéreittien mallinnukseen. Tdmén
kaltaisia vain mitattuun tietoon perustuvia menetelmid tarvitaan uusien solu-
viestintéreittien 10ytdmiseksi. Uudet soluviestintéreittien yhteydet puolestaan voivat
paljastaa uusia tautimekanismeja ja toimia uusina lddkekohteina.

AVAINSANAT: ErbB4, multi-omiikka, reseptorityrosiinikinaasi, sekvenssimotiivi,
soluviestintd, STAT, sydédnlihaksen kasvu, sydénlihaksen liikakasvu
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1 Introduction

Cell signaling is the foundation for all cellular, tissue, and organ function and
perturbation of cell signaling is the premise of disease. To comprehensively
understand and model normal development and the initiation and progression of
disease, a detailed understanding of the complex cell signaling networks inside and
in between cells needs to be acquired. Majority of drug-based therapies function by
altering cell signaling. Instead of individual research into distinct aspects of each
signaling molecule a strategy to research the common structural determinants of cell
signaling molecules that mediate signaling moieties have been applied (Mayer,
2015). This strategy has identified numerous functional domains and motifs in cell
signaling molecules and has allowed accurate predictions of the function and role of
unknown cell signaling molecules. This strategy has further guided drug
development and has been instrumental in targeting the correct functional aspects of
cell signaling molecules to efficiently treat disease.

Receptor tyrosine kinases (RTK) regulate several essential functions in the cell
and are most well-recognized as oncogenes in cancer (Schlessinger, 2014). These
revelations have focused research into understanding the structure-function
relationship of RTKs. This thesis focuses on the diversity of signaling arising from
the largely overlooked extracellular juxtamembrane region of RTKs. The RTK
ErbB4 is utilized as a model receptor since natural variants that only differ in the
extracellular juxtamembrane region are produced from this receptor (Elenius et al.,
1997a). The wider perspective pursued by this thesis is to identify the mechanisms
by which structural changes of RTK regions that reside outside the cell affect
intracellular signaling. These mechanisms can then be further targeted by innovative
therapeutic compounds since these mechanisms have the undeniable advantage of
residing outside the cell. Extracellular regions in RTKs are more accessible to
various therapeutic strategies than intracellular regions, which require therapeutic
compounds to permeate the cell membrane.

In this thesis, a special emphasis on the effect of RTK signaling in myocardial
growth was adopted. Cardiovascular diseases affect hundreds of thousands of people
in Finland and hundreds of millions of people worldwide and remain the leading
cause of death (Terveyden ja hyvinvoinnin laitos, 2023; World Health Organization,
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2023). Increased myocardial growth is a compensatory response of the heart to
combat stress such as the pressure overload caused by hypertension. Prolonged,
however, the increased pathological myocardial growth can reduce left ventricular
ejection fraction increasing the load of the heart. This overload can ultimately lead
to heart failure, a condition where some of the growth signaling prevalent during the
compensatory response is lost (Stansfield et al., 2014). Heart failure is one of the
common causes of mortality from cardiovascular diseases (Emmons-Bell, Johnson
and Roth, 2022). Myocardial growth pathways also have significance during heart
regeneration after injury. Induction of cardiomyocyte renewal is one of the main
goals for the future treatment of myocardial diseases (Eschenhagen et al., 2017a).
Therefore, it is not surprising that an emphasis on uncovering the critical myocardial
growth pathways has persisted. Theoretically both inhibition and stimulation of
myocardial growth pathways may present a serviceable strategy to treat myocardial
diseases depending on the condition of the disease. In this thesis, the role of the
discovered interacting proteins of the well-established NRG-1/ErbB4 myocardial
growth pathway was investigated. A focus to study the role of the interacting proteins
that are selectively bound by the extracellular juxtamembrane domain variant of the
receptor tyrosine kinase ErbB4 that is specifically expressed in cardiomyocytes was
selected. NRG-1, the ligand for the ErbB4 receptor tyrosine kinase is expressed in
the endothelial cells of the cardiac vasculature and is currently under clinical
investigation as a therapy against heart failure (De Keulenaer et al., 2019). In
addition to NRG-1, a receptor from a family of other receptor tyrosine kinases, the
VEGFRI1 is specifically expressed in the cardiac endothelial cells (Muhl et al., 2016).
In this thesis, the effect of a ligand of this receptor, VEGFB, on the activation of the
NRG-1/ErbB4 growth pathway in the myocardium was also researched. The cell
signaling insights into the pathways of myocardial growth presented in this thesis
may aid in future therapy development for myocardial diseases.

Recent advances have led to the ability to gather a wide array of high-throughput
omics data on different stages of cell signaling (Karczewski and Snyder, 2018). This
has presented a new challenge in the analysis of this multi-omics data to uncover the
underlying cell signaling networks. Many approaches have been proposed with their
apparent and non-apparent disadvantages. In this thesis, a new method to uncover
cell signaling pathways from multi-omics data was developed that outperforms its
closest predecessors. The proposed method is independent of previous knowledge
making it non-susceptible to the limitations of our current knowledge. This
capability makes the method especially beneficial in uncovering previously
undetected cell signaling connections. These connections could reveal new disease
mechanisms that could be the targets of future drug therapies.
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2.1 Receptor tyrosine kinases

RTKs are cell surface proteins that mediate extracellular signals inside the cell by
binding extracellular ligands and consequently transferring a phosphate group from
adenosine-triphosphate (ATP) to the tyrosine residues of the C-terminal tails of their
dimerization partners and intracellular substrates. In prototypical view RTKs form a
dimer upon activation by growth factor binding and in an inactive state exist as
monomers. Instead of dimers, however, some human RTKs such as the insulin
receptor form other multimeric complexes. RTKs comprise of structural modules
which ultimately determine their function. Due to higher structural similarity
between a subset of the receptors, 19 sub-families of human receptor tyrosine kinases
have been identified. (Robinson, Wu and Lin, 2000; Lemmon and Schlessinger,
2010; Wheeler and Yarden, 2015). The sub-family members have been considered
to have co-evolved together with their perspective ligands and analogues of them
can be found in most multi-cellular non-plant and non-fungi eukaryotes (Stein and
Staros, 2006; Amit, Wides and Yarden, 2007; Wheeler and Yarden, 2015).

2.1.1 The ErbB receptor tyrosine kinases

The ErbB family of RTKs consist of four members, EGFR (ErbB1/HER1) (Ushiro
and Cohens, 1980; Ullrich et al., 1984), ErtbB2 (HER2) (Coussens et al., 1985), ErbB3
(HER3) (Kraus et al., 1989) and ErbB4 (HER4) (Plowman et al., 1993a) (Figure 1).
ErbB2 and ErbB3 are unique among the receptor family, due to the inability of ErbB2
to bind ligands and ErbB3 to effectively phosphorylate substrates. ErbB2 is missing a
ligand binding domain (Cho et al., 2003) and is constitutively erect in an active
conformation (Garrett et al., 2003). The kinase domain of ErbB3 is missing key
residues in the kinase domain that are considered important in the catalysis of
phosphate transfer from ATP (Guy et al., 1994). Due to this lack ErbB3 is only able to
autophosphorylate (Shi et al., 2010). Due to the mentioned inabilities, ErbB2 and
ErbB3 preferably serve as heterodimerization partners for each other and the other
ErbB receptors. ErbB receptors have 11 known ligands with differential binding
specificities. Epidermal growth factor (EGF) (Cohen, 1962), transforming growth
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factor alpha (TGF-a) (Riese et al., 1996b), amphiregulin (AREG) (Riese et al., 1996b),
and epigen (EPGN) (Strachan et al., 2001) bind EGFR exclusively. Heparin binding
EGF like growth factor (HB-EGF) (Elenius et al., 1997b), betacellulin (BTC) (Riese
et al., 1996a; 1998) and epiregulin (EREG) bind both EGFR and ErbB4. Neuregulin-
1 (NRG-1) (Plowman et al., 1993b; Carraway et al., 1994) and NRG-2 (Carraway et
al., 1997; Chang et al., 1997) bind both ErbB3 and ErbB4. NRG-3 (Zhang et al., 1997)
and NRG-4 (Harari et al., 1999), in turn, bind only ErbB4.

ErbB receptor knock-out studies have revealed the role of these essential cell
surface receptors in the normal growth and development of several tissues and
organs. ErbB receptor gene knockouts in mice are lethal at the embryonic stage with
some variation between the genetic backgrounds. The development of bone, brain,
heart and the epithelium of kidneys, lungs, skin, mammary glands and eyes is
impaired by the genetic knock-outs (Gassmann et al., 1995; Lee et al., 1995; Sibilia
and Wagner, 1995; Threadgill et al., 1995; Riethmacher et al., 1997; Kornblum et
al., 1998; Sibilia et al., 1998; 2003; Lin et al., 2000; Tidcombe et al., 2003; Wang et
al., 2004; Wagner et al., 2006). ErbB receptors, however, are best recognized for
their oncogenic role in cancer. Several oncogenic mutations and genetic variations
of the ErbB receptors have been identified and ErbB receptors are the targets of
successful lung, breast, colorectal and head and neck cancer therapies (Yarden and
Pines, 2012; Hynes and Author, 2016; Kiavue et al., 2019; Segers et al., 2020; Uribe,
Marrocco and Yarden, 2021; Lucas et al., 2022).

EGF HB-EGF NRG-3
TGF-a BTC NRG-4
AREG EREG NRG-1
EPGN NRG-2

\ EGFR ERBB2 ERBB3 ERBB4

extracellular space

plasma membrane % S %

cytosol

Figure 1. ErbB receptor tyrosine kinases and their ligands. The ligand binding domain of ErbB2
and the kinase domain of ErbB3 are defective (black cross), therefore ErbB2 and ErbB3
receptors preferably function as heterodimers. AREG: amphiregulin. BTC: betacellulin.
EGF: epidermal growth factor. EGFR: epidermal growth factor receptor. EPGN:
epigenin. ERBB: erythroblastic leukemia viral oncogene. EREG: epiregulin. HB-EGF:
heparing binding EGF-like growth factor. NRG: neuregulin. TGF-a: transforming growth
factor a. Modified from (Lemmon, Schlessinger and Ferguson, 2014).
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2111 Isoforms of ErbB4

ErbB4 is unique among the ErbB receptors since it is the only ErbB receptor from
which four alternative isoforms are produced by alternative exon splicing (Figure 2).
Inclusion of either exon 15 or 16 produces either the JM-a or the JM-b isoforms of
ErbB4 that differ only in the extracellular juxtamembrane region (Elenius et al.,
1997a). Inclusion or exclusion of the exon 26, in turn, produce the CYT-1
(cytoplasmic-1) and CYT-2 isoforms of ErbB4 (Elenius et al., 1999). This alternative
splicing has been discovered to result in a significant difference in the function of
the receptor. The JM-a exon encodes a 23 amino acid stretch that includes cleavage
sites for the ADAMI17 (a disintegrin and metalloprotease 17) protease that are
lacking in the 13 amino acid long stretch in the JM-b isoforms (Rio et al., 2000).
These cleavage sites allow only the JM-a isoforms to undergo regulated
intramembrane proteolysis, where after cleavage by ADAMI17, the intracellular
domain (ICD) of the ErbB4 JM-a isoforms is released by the y-secretase protease
complex (Ni et al., 2001; Vidal et al., 2005). The released ICD acts as a soluble
intracellullar signaling molecule and has been reported to localize to the nucleus to
modify transcription by interacting with transcription factors and transcriptional
repressors (Ni et al., 2001; Komuro et al., 2003; Williams et al., 2004; Linggi and
Carpenter, 2006; Sardi et al., 2006; Zhu et al., 2006; Gilmore-Hebert, Ramabhadran
and Stern, 2010; Sundvall et al., 2010; Paatero et al., 2012). The ErbB4 JM-a
isoforms activate the transcription factor STATS5a (signal transducer and activator of
transcription 5a) by phosphorylating STAT5a in the activating residue Y694. The
released ICD of the ErbB4 JM-a isoforms couple with activated STATS5a in the
nucleus to induce the transcription of lactation genes (Williams et al., 2004).
Interestingly, the ErbB4 JM-b isoform has been reported to also localize in the
nucleus in cardiomyocytes, but in contrast as a full-length receptor (Icli et al., 2012).
The ErbB4 JM-a and JM-b isoforms induce opposing cellular outcomes in various
cellular backgrounds. In mammary epithelial and breast cancer cell lines, expression
of ErbB4 JM-a promotes uncontrolled growth and JM-b differentiation as estimated
by the number of colonies and acini in 3D growth assays (Veikkolainen et al., 2011;
Sundvall et al., 2012). In an embryonic fibroblast cell line, expression of ErbB4 JM-
a induces cell survival and expression of JM-b cell death under serum starvation
(Sundvall et al., 2010). In an epithelial kidney cell line, only the ErbB4 JM-a variant
of the ErbB4 CYT-2 isoform induces cyst formation and tubulogenesis when grown
in 3D in collagen (Zeng et al., 2007).
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JM-a CYT-1 JM-aCYT-2 JM-b CYT-1 JM-b CYT-2

Figure 2. The isoforms of ErbB4. Alternative splicing produces the JM (juxtamembrane) and CYT
(cytoplasmic) isoforms of ErbB4. Modified from (Veikkolainen et al., 2011).

The ErbB4 JM-a and JM-b isoforms are for the most part expressed in different
tissues. The ErbB4 JM-a isoforms are predominantly expressed in the epithelial and
the JM-b isoforms in the mesenchymal tissues. In the neural tissues both JM isoforms
are expressed, but in different cell types (Elenius et al., 1997a; Veikkolainen et al.,
2011). It is of note that to this day no cell type has been discovered that would
naturally simultaneously express both JM-isoforms. The JM-isoform expression
profile at single cell level, however, has not been sufficiently explored to attest the
absence of such cell type.

Due to the tissue expression profile and cell-level isoform-specific
investigations, different attributes of the physiological function of ErbB4 that have
been discovered through genetic knock-out studies have been attributed to the
different JM-isoforms. The mammary gland and kidney development have been
attributed to the JM-a isoforms and the heart development to the JM-b isoforms
(Gassmann et al., 1995; Elenius et al., 1997a; Jones et al., 1999; Long et al., 2003;
Tidcombe et al., 2003; Muraoka-Cook et al., 2006; Veikkolainen et al., 2011; 2012;
Skirzewski et al., 2020). Neural defects have been considered to be the result of the
lack of both JM-isoforms (Elenius et al., 1997a; Tidcombe et al., 2003).

Isoform-specific knock-out of ErbB4 JM-a has further elucidated the role of
the ErbB4 JM-isoforms in the development of different tissues. Genetic knock-out
of ErbB4 JM-a isoforms had no adverse effects on the development of mammary
glands, the heart, and the trigeminal ganglion, which are observed in the ErbB4
knock-out mice, where the genetic code for both JM-isoforms have been deleted.
Cortical development, however, was significantly impaired. (Doherty et al., 2022).
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Considering the previous research that has established ErbB4 JM-a as the activator
of the central mammary gland factor STATS5a, the lack of effect on mammary gland
development by the ErbB4 JM-a specific knock-out is surprising. However, the
level of compensation that can be enacted by the ErbB4 JM-b isoform in the
mammary gland has not been explored. Due to a lack of molecular mechanistic
studies, it is unclear whether ErtbB4 mediated STATS5a activation is still occurring
in the JM-a isoform deficient mice or whether STATSa signaling is also
compensated by another factor such as STATSb that has been previously
discovered to be able to compensate for STATS5a in the mammary gland
development (Liu et al., 1998).

The CYT-1 isoforms of ErbB4 contain an additional 16 amino acid long stretch
in the C-terminal tail that is absent in the CYT-2 isoforms (Elenius et al., 1999).
This stretch includes binding sites for PI3K (phosphoinositide 3-kinase), YAP1
(yes-associated protein) and the ubiquitin ligases Itch, Nedd4 (Neuronally
expressed developmentally downregulated 4) and WWP1 (WW domain-
containing E3 ubiquitin protein ligase 1). Due to these binding sites, the CYT-1
isoforms are more inclined to activate the PI3K-Akt pathway, induced YAP1
mediated transcription and to degrade than the CYT-2 isoforms (Elenius et al.,
1999; Komuro et al., 2003; Sundvall et al., 2008; Feng et al., 2009; Zeng, Xu and
Harris, 2009). All tissues that express ErbB4 seem to produce both CYT-1 and
CYT-2 isoforms, except for placenta that only expresses the CYT-2 isoform
(Elenius et al., 1999; Veikkolainen et al., 2011). Like the JM-isoforms, the CYT
isoforms seem to affect differential cellular outcomes in different cell
backgrounds. In an immortalized embryonic fibroblast cell line, expression of
ErbB4 CYT-1, but not CYT-2, induced survival from starvation-induced cell death
and chemotaxis (Kainulainen et al., 2000). In a kidney epithelial cell line,
expression of ErbB4 CYT-1 promoted migration while expression of CYT-2
specifically suppressed it (Zeng et al., 2007). In adrenal gland pheochromocytoma
cell line, only the expression of ErbB4 CYT-2 induced neurite outgrowth
(Veikkolainen et al., 2011). In vivo the transgenic expression of the released ICD
of ErbB4 CYT-1 induced early differentiation of mammary epithelia and the
expression of the ICD of CYT-2 epithelial hyperplasia (Muraoka-Cook et al.,
2009). When the full-length ErbB4 JM-a CYT-1 and CYT-2 isoforms were
expressed in the mammary epithelia of transgenic mice, however, the CYT-1
isoform induced hyperplastic mammary lesions in 83% of mice and the CYT-2
isoform only in 17% of mice. The transgenic expression of full-length ErbB4 CYT-
1 also decreased the proliferation of mammary epithelial cells during development.
(Wali et al., 2014). These results indicate that the signaling of the ErbB4 JM-a
CYT-isoforms involves more than the signaling of their released ICDs.
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21.2 The VEGF receptor tyrosine kinases

The VEGEF (vascular endothelial growth factor) family of RTKs consists of VEGFR1
(F1t1) (Shibuya et al., 1990; Matthews et al., 1991), VEGFR2 (Flk1, KDR) (Terman
et al.,, 1991) and VEGFR3 (Flt4) (Alitalo et al., 1992) (Figure 3). The VEGF
(vascular endothelial growth factor) receptors have five identified ligands that bind
the receptors with different affinities. VEGF (VEGF-A) binds both VEGFR1 and 2
with a higher binding affinity for VEGFR1 (Ferrara and Henzel, 1989; De Vries et
al., 1992; Terman et al., 1992). VEGF-B (Olofsson et al., 1996) and PIGF (placenta
growth factor) (Maglione et al., 1991) bind only VEGFR1. VEGF-C and -D
primarily bind VEGFR3 but after proteolytic processing can also bind VEGFR2
(Joukov et al., 1996; Lee et al., 1996; Orlandini et al., 1996). The VEGF receptors
have two recognized co-receptors Neuropilin-1 and -2 that interact both with the
receptors and the VEGF ligands (Chen et al., 1997; Kolodkin et al., 1997; Soker et
al., 1998; Fuh, Garcia and de Vos, 2000; Karpanen et al., 2006; Xu et al., 2010).

PIGF VEGF E VEGF-C
VEGF-, A

VEGF-B - - VEGFD
L l..

VEGFR1 VEGFR2 VEGFR3
Neuropilin-1 Neuropilin-1 Neuropilin-2
plasma

membrane

Figure 3. The VEGFR receptors, their ligands, and their co-receptors. VEGFR1 functions as a
decoy receptor for VEGF-A. VEGF-C and VEGF-D mainly function as a ligand for
VEGFRS3, but proteolytic processing produces cleaved forms of these ligands that
couple with VEGFR2 (dashed line). PIGF: placenta growth factor. VEGF: vascular
endothelial growth factor. VEGFR: vascular endothelial growth factor receptor. Modified
from (Olsson et al., 2006).
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The function of both the VEGF ligands and receptors is heavily regulated by
alternative splicing (Tischer et al., 1991; Kendall and Thomas, 1993; Maglione et
al., 1993; Poltorak et al., 1997; Jingjing et al., 1999; Lange et al., 2003; Ebos et al.,
2004; Woolard et al., 2004). Splicing produces short forms of both VEGFR1 and 2
that turn the receptors into extracellular ligand traps (Kendall and Thomas, 1993;
Ebos et al., 2004; Albuquerque et al., 2009). Of the three receptors VEGFRI1 has
been discovered to function mainly as a decoy receptor that controls the availability

22



Review of the Literature

of VEGF for VEGFR2 (Hiratsuka et al., 1998; Rahimi, Dayanir and Lashkari, 2000).
Genetic knock-out studies in mice have identified the essential role of the VEGF
receptors and their ligands in vasculogenesis, angiogenesis and lymphangiogenesis.
The genetic deletion of these receptors is lethal at embryonic stage due to defects in
the development of the vasculature (Fong et al., 1995; 1999; Shalaby et al., 1995;
Carmeliet et al., 1996; 2001; Dumont et al., 1998; Alitalo et al., 2004; Baldwin et
al., 2005).

213 A detailed view of the structure of ErbB family receptor
tyrosine kinases

RTKs comprise of extracellular, transmembrane and intracellular domains (Figure
4). These domains can further be divided into smaller functional domains such as
kinase and ligand binding domains and even further into motifs such as binding
motifs of various interacting proteins. The extracellular domain contains functional
or non-functional ligand binding domains that vary in structure between RTK sub-
families and to a lesser extent between sub-family members. The alpha-helical
transmembrane domain consists of hydrophobic amino acid residues that anchor the
receptor to the plasma membrane. The intracellular domain contains either a
functional or non-functional kinase domain that oversees the phosphorylation of
downstream substrates. The intracellular domain is enriched in motifs and domains
that interact with intracellular signaling molecules (Lemmon and Schlessinger, 2010;
Wheeler and Yarden, 2015).

EGFR was among the first discovered receptor tyrosine kinases. Ever since the
discovery of EGFR and other family members of the ErbB family, ErbB receptors
have been extensively studied and a vast amount of knowledge about the structure-
function relationship of ErbB receptors has accumulated. ErbB receptors have been
considered as the prototypical RTKs, although some previous reports have
discovered unique structural features of ErbB receptors that are not shared by other
RTKs (Ferguson, 2008; Lemmon, 2009; Lemmon and Schlessinger, 2010; Lemmon,
Schlessinger and Ferguson, 2014).
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Figure 4. The structure of ErbB receptor tyrosine kinases and their inactive and active
conformations. The receptors for the ligands are indicated in the parentheses. AREG:
amphiregulin. BTC: betacellulin. EGF: epidermal growth factor. EPGN: epigenin. ERBB:
erythroblastic leukemia viral oncogene. HB-EGF: heparin binding EGF-like growth
factor. NRG: neuregulin. TGF-a: transforming growth factor a. Modified from (Ferguson,
2008; Arkhipov et al., 2013; Huang et al., 2021).

2.1.31 Extracellular domain of ErbB receptors is essential for growth
factor binding and receptor activation

The extracellular domain of ErbB receptors contains four recognized domains (I—
IV) and a short, 7-27 amino acids long, extracellular juxtamembrane region (eJM)
(Figure 4). The domains I and III are enriched in B-helical leucine-rich repeat-like
structures and directly bind to the receptor ligands. The domains II and IV in turn
are cysteine rich. (Garrett et al., 2002; Ogiso et al., 2002). Crystal structures of the
ErbB receptors have revealed that the ligand binding to the domains I and III results
in a conformational shift that extends the receptor and reveals a dimerization arm in
domain II (Figure 1) (Cho and Leahy, 2002; Ferguson et al., 2003; Bouyain et al.,
2005). In the unbound tethered state, the dimerization arm is hidden by
intramolecular interactions with key residues in domain IV (Cho and Leahy, 2002;
Ferguson et al., 2003; Bouyain et al., 2005). Domain IV is also directly involved in
dimerization by contacts in the dimerization interface that contribute to some extent
to the stability of the dimer (Dawson et al., 2005; Lu et al., 2010). The extracellular
EGFR domains I-IV host several N-glycosylation sites (Zhen, Caprioli and Staros,
2003). N-glycosylation of the domains I-IV has been discovered to have a critical
role in the dimerization (Fernandes, Cohen and Bishayee, 2001; Takahashi et al.,
2008), oligomerization (Tsuda, Ikeda and Taniguchi, 2000), ligand binding (Tsuda,
Ikeda and Taniguchi, 2000; Yen et al., 2015), plasma membrane interactions
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(Kaszuba et al., 2015) and autophosphorylation (Kawashima et al., 2009; Park et al.,
2012; Yen et al., 2015) of the ErbB receptors, indicating that these post-translational
modifications are essential for the function of these receptors. Different ligands
induce either a juxtaposed or separate alignment of the C-terminal region of the
Domain IV indicating that the extracellular domain also mediates the differential
responses induced by different ligands (Huang et al., 2021).

2.1.3.2 The eJM region of ErbB receptors regulates receptor activation
by restricted length, cleavage and glycolipid interactions

The eJM region is less researched than other domains and regions of ErbB RTKs
and consequently, only a few known functions originating from this region have been
reported (Figure 4). Extension of the eJM region has been reported to promote
autoactivation of the receptor indicating that the restricted length of this region is
crucial for controlled receptor activation (Sorokin, 1995). The eJM region of EGFR
harbors a lysine residue, which was discovered to interact with the ganglioside GM3.
This interaction was shown to lead to the inhibition of EGFR autophosphorylation
indicating that interactions in this region may have a significant effect on receptor
function (Coskun et al., 2011). Another mechanism arising from the eJM region that
can significantly affect the function of ErbB receptors was discovered in the JM-a
isoform of ErbB4. The eJM region of ErbB4 JM-a isoform was discovered to host
cleavage sites for the ADAM17 protease. The cleavage by the ADAM17 protease
releases the extracellular domain of the ErbB4 JM-a isoform thus compelling the
receptor resistant to more ligand stimulation (Rio et al., 2000).

2.1.3.3 The transmembrane domain of ErbB receptors is involved in
receptor dimerization

The transmembrane domain of the ErbB RTKs consists of an alpha helix of
hydrophobic amino acid residues that span the plasma membrane (Figure 4). The
transmembrane domain harbors GxxxG motifs that mediate the dimerization of the
receptors (Lemmon et al., 1994). The transmembrane domains of ErbB receptors are
known to self-associate (Mendrola et al., 2002), but autophosphorylation of the
receptors has been resistant to the mutagenesis of the transmembrane region (Kashles
et al., 1988; Carpenter et al., 1991; Lu et al., 2010), indicating more of a stabilizing
role for the transmembrane domain in receptor dimerization. Mutagenesis of the
more N-terminal GxxxG motif region of EGFR, however, reduced
autophosphorylation of EGR by around 50% when stimulated with EGF indicating
that this GxxxG motif region is more important for EGF induced receptor
dimerization than the C-terminal GxxxG motif region (Endres et al., 2013). Cross-
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linking and ToxR based transcriptional activation assay studies with transmembrane
peptides have confirmed this observation by identifying the N-terminal GxxxG motif
as the dimerization contact site between EGFR monomers and EGFR/ErbB2 dimers
(Gerber, Sal-Man and Shai, 2004; Lu et al., 2010). Interestingly, not all ligands
induce contact between the monomers in this motif region upon binding to the
receptor, which would indicate that the transmembrane region is also involved in
mediating the differential responses induced by differential ligand binding (Sinclair
etal., 2018; Huang et al., 2021). More recent advances have indicated that the EGFR
monomers dimerize in the more C-terminal GxxxG motifs when stimulated with the
ligand TGFa (Sinclair et al., 2018; Huang et al., 2021) or when they form a dimer
unstimulated (Landau and Ben-Tal, 2008; Arkhipov et al., 2013).

2.1.34 The iJM region of ErbB receptors controls receptor
autophosphorylation by several mechanisms

Studies with structural variants of the EGFR receptor have identified the intracellular
juxtamembrane (iJM) region in the intracellular domain of ErbB receptors as
essential for autophosphorylation of the receptor (Zhang et al., 2006; Thiel and
Carpenter, 2007; Red Brewer et al., 2009) (Figure 4). It has been discovered that one
of the iJM regions interacts with one of the kinase domains in the receptor dimer,
therefore stabilizing the dimerization of the kinase domains. This region in the iJM
was termed the juxtamembrane latch. (Wood et al., 2008; Jura et al., 2009a; Red
Brewer et al., 2009). Deletion of the regions outside of the juxtamembrane latch still
abolishes EGFR autophosphorylation indicating that the latch is not the only
essential subregion in the iJM region (Thiel and Carpenter, 2007; Jura et al., 2009a).
The region outside the juxtamembrane latch includes an alpha helix that interacts
with its counterpart during dimerization (Red Brewer et al., 2009; Endres et al.,
2013). Interaction between phosphatidylinositol 4,5-bisphosphate in the inner leaflet
of the plasma membrane and the alpha helix is needed to stabilize the iJM alpha helix
dimer (Halim, Koldse and Sansom, 2015; Maeda et al., 2018). The interaction in
between the iJM alpha helices varies depending on the bound ligand indicating that
this region is also important for mediating the responses of differential ligand
binding (Scheck et al., 2012; Doerner, Scheck and Schepartz, 2015). The basic
residues of the region outside the juxtamembrane latch were additionally discovered
to interact with anionic plasma membrane lipids and this interaction was shown to
be involved in the clusterization of the receptor in the plasma membrane. Disruption
of the receptor clusterization negatively affected autophosphorylation indicating that
interaction with the anionic plasma membrane lipids is yet another mechanism by
which the iJM region controls ErbB receptor autophosphorylation. (Wang et al.,
2014). The mutation of these basic residues conferred ligand-independent activation
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of EGFR indicating that these residues also serve in an auto-inhibitory role (Bryant
et al., 2013; Mohr et al., 2020).

In the JM-a variant of ErbB4 receptor, the intracellular domain is cleaved off
from the receptor by y-secretase after the extracellular domain is shed by the
ADAMI17 protease. The site for this cleavage resides in the iJM region of ErbB4.
(Elenius et al., 1997a; Ni et al., 2001; Vidal et al., 2005). Downstream of the
y-secretase cleavage site a nuclear localisation signal is located in the receptor that
allows the released ICD of ErbB4 to enter the nucleus (Williams et al., 2004).

2.1.3.5 The intracellular domain of ErbB receptors phosphorylates and
interacts with downstream substrates, and is heavily regulated
by post-translational modifications

In addition to the 1JM the ICD of ErbB receptors consists of a kinase domain and the
C-terminal tail (Figure 4). The kinase domain as per its name is responsible for the
phosphorylation of substrates and consists of a N-terminal and C-terminal lobe. The
ATP binding pocket resides between the lobes. Activation of the receptors by ligand
binding induces the kinase domains of the monomers to form an asymmetric dimer
so that the C-lobe of the ‘activator’ kinase domain interacts with the N-lobe of the
‘receiver’ kinase domain. Only the C-terminal tail of the ‘activator’ is consequently
phosphorylated by the ‘receiver’ kinase domain of EGFR homodimers and
ErbB2/ErbB4 heterodimers. (Zhang et al., 2006; Qiu et al., 2008; Ward and Leahy,
2015). In the EGFR/ErbB2 and EGFR/ErbB4 heterodimers and ErbB4 homodimer
both the C-terminal tails following the receiver and activator kinase domains are
phosphorylated (Ward and Leahy, 2015). The kinase domains form a symmetric
dimer in the inactive receptor dimers (Jura et al., 2009a; Arkhipov et al., 2013).

The C-terminal tail is a labile intrinsically disordered region full of ErbB
autophosphorylation dependent substrate binding motifs (Schulze, Deng and Mann,
2005; Feracci et al., 2011; Keppel et al., 2017; Wang et al., 2018). These motifs are
mainly bound by the phosphotyrosine-binding (PTB), Src homology 2 (SH2), Src
homology 3 (SH3) and WW domains of the downstream substrates of ErbB receptors
(Komuro et al.,, 2003; Schulze, Deng and Mann, 2005). The function of the
intracellular domain of ErbB receptors is heavily regulated by various post-
translational modifications (PTMs). On top of the phosphorylation of the
autophosphorylation sites that allows for the binding of substrates, the ICDs of ErbB
receptors are regulated by tyrosine phosphorylation by intracellular tyrosine kinases
(Stover et al., 1995; Yamauchi et al., 1997; Tanos and Pendergast, 2006),
serine/threonine phosphorylation (Hunter, Lingt and Cooper, 1980; Davis, 1988;
Takishima et al., 1991; Theroux et al., 1992; Barbier et al., 1999), ubiquitiniation
(Levkowitz et al., 1998), sumoylation (Sundvall et al., 2012; Packham et al., 2015),
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acetylation (Song et al., 2011), palmitoylation (Runkle et al., 2016) and neddylation
(Oved et al., 2006). These PTMs have a diverse effect on the function of the receptor
and serve as more than just the mediators of intracellular receptor interactions
(Stover et al., 1995). Changes in receptor sorting and receptor degradation
(Levkowitz et al., 1998; Oved et al., 2006), in the intracellular localization of the
receptor (Tanos and Pendergast, 2006; Knittle et al., 2017) and receptor activity
(Hunter, Lingt and Cooper, 1980; Davis, 1988; Theroux et al., 1992; Barbier et al.,
1999; Runkle et al., 2016) have at least been observed as a consequence of these
PTMs.

There are some indications that the C-terminal tail regulates receptor function by
mechanisms that do not involve interplay with other intracellular molecules.
Deletion studies of the C-terminal tails of ErbB receptors have indicated that the
more N-terminal part of the C-terminal tail has an autoinhibitory role and the more
C-terminal part would promote receptor activation (Walton et al., 1990; Alvarez et
al., 1995; Kovacs et al., 2015). The autoinhibitory role for the N-terminal part is
supported by crystal structures of the inactive kinase domain that revealed packing
of this region against the N-lobe of the kinase domain (Zhang et al., 2006; Wood et
al., 2008; Jura et al., 2009b). Another finding that supports the suggested additional
roles for the C-terminal tail is the observed conformational changes in the C-terminal
tail after autophosphorylation (Lee and Koland, 2005; Lee, Hazlett and Koland,
2006; Okamoto and Sako, 2018; Regmi et al., 2020). These hypothetical mechanisms
of the C-terminal tail, however, remain to be confirmed.

214 The signaling of ErbB receptor tyrosine kinases

RTKs acts as amplifiers that multiply the signal mediated by ligand binding by
activating several intracellular signaling cascades that canonically lead to changes in
gene expression. Most of these cascades are shared among human receptor tyrosine
kinase families, but receptor and receptor family specific signaling cascades may
also exist. It is of note that the signaling of RTKs is not mechanistically uniform or
independent of the cellular environment. While RTKs transmit their signals through
roughly the same downstream effectors, the determinants that allow only some
activated RTKSs to activate certain downstream effectors in specific contexts, remain
poorly defined due to lack of comparative studies. Here the main cascades activated
by the prototypical ErbB family RTKs are shortly reviewed (Figure 5).

The signaling cascades of ErbB receptors primarily start with the binding of
adaptor proteins to the autophosphorylated residues. The binding of Src homology
2 domain containing transforming protein 2 (SHC2) or growth factor receptor-
bound protein 2 (GRB2) starts a cascade involving Sons of sevenless (SOS), rat
sarcoma virus (RAS) proteins, rapidly accelerated fibrosarcoma (RAF) kinases,
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mitogen-activated protein kinase kinase (MEK) and extracellular signal-regulated
kinases (ERK) that leads to changes in gene transcription that most often translate
to cell proliferation and growth (McKay and Morrison, 2007). Other mitogen-
activated protein kinases (MAPKSs) like those involved in the apoptotic c-Jun N-
terminal kinase (JNK) cascade (including p21-activated kinases (PAKSs), c-Jun N-
terminal kinase kinase (JNKK), JNK, c-Jun and c-Fos) (Bost et al., 1997), p38
MAPK cascade or ERKS cascade (including Mitogen-activated protein kinase
kinase kinase 2/3 (MEKK2/3), MEKS, ERK5 and myocyte enhancer factor 2
(MEF)) are also activated by ErbB receptors through the adaptors non-catalytic
region of tyrosine kinase adaptor proteins (NCKs) and T cell specific adaptor
protein (TSAd) (Bost et al., 1997; Poitras et al., 2003; Sun et al., 2003; Huang,
Jacobson and Schaller, 2004). The JNK cascade can also be activated by the
guanine nucleotide exchange factors VAVs that activate small GTP proteins Rhos
or RACs (Olson et al., 1996; Kaminuma et al., 2001) and are bound by ErbB
receptors (Pandey et al., 2000; Ojala et al., 2020). Activation of the JNK cascade
by the VAVs usually leads to cytoskeletetal rearrangement or changes in cell
migration (Huang, Jacobson and Schaller, 2004). The binding of the adaptor
protein CRK to EGFR has been discovered to induce the activation of the Abelson
murine leukemia viral oncogene homolog (ABL) kinase (Birges et al., 1992;
Sriram et al., 2014).

The binding of phosphatidylinositol 3-kinases (PI3Ks) to the
autophosphorylated sites of ErbB receptors induces the PI3Ks to convert
phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-
trisphosphate (PIP3), which consequently activates the Protein kinase B (Akt)
pathway through pyruvate dehydrogenase kinase 1 (PDKI1). The PI3K/Akt
pathway is often associated with cell anabolism by inhibition of the natural
inhibitors of mammalian target of rapamycin (mTOR), cell growth and survival.
(Carter and Downes, 1992; Soltoff et al., 1994; Sepp-Lorenzino et al., 1996).
Calcium signaling is controlled by the ErbB receptors through the activation of
phospholipase C y (PLCy) that converts phosphatidylinositol 4,5 bisphosphate
(PtdIns(4,5)P2) into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).
DAG in turn activates the protein kinase Cs (PKCs) and increased concentration
of IP3 in the cytosol results in the release of calcium to the cytosol. (Margolis et
al., 1989; Peles et al., 1991; Vecchi, Baulida and Carpenter, 1996; Yang et al.,
2013; Obeng et al., 2020). ErbB receptors also induce nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kf) signaling by the IkappaB kinases
(IKKs) and NF-kappa-B essential modulator (NEMO) (Merkhofer, Cogswell and
Baldwin, 2010; Shostak and Chariot, 2015).
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Figure 5. The common signaling pathways activated by ErbB receptors. The cellular outcomes
most often associated with the signaling pathways when activated by ErbB receptors
are indicated. ABL: Abelson murine leukemia viral oncogene homolog. AKT: AKT
serine/threonine kinase. DAG: diacylglycerol. ERK: extracellular signal-regulated
kinase. GRB2: growth factor receptor bound protein 2. IKK: IkappaB kinase. IP3: inositol
trisphosphate. JAK: Janus kinase. JNK: c-Jun N-terminal protein kinase. JNKK: c-Jun
N-terminal protein kinase kinase. NCK: non-catalytic region of tyrosine kinase adaptor
protein. NEMO: NF-kappa-B essential modulator. NFkB: nuclear factor kappa-light-
chain-enhancer of activated B cells. MEF2: myocyte enhancer factor 2. MEK: mitogen-
activated protein kinase kinase. MEKK2/3: mitogen-activated protein kinase kinase
kinase 2/3. PAK: p21 (rac1) activated kinase 1. PDK1: phosphoinositide-dependent
kinase-1. PI3K: phosphoinositide 3-kinase. PIP2: phosphatidylinositol (4,5)-
bisphosphate. PIP3: phosphatidylinositol (3,4,5)-trisphosphate. PKC: protein kinase C.
PLCy: phospholipase C y. RAF: rapidly accelerated fibrosarcoma. RAS: rat sarcoma
virus. SHC2: Src homology 2 domain containing transforming protein 2. SOS: son of
sevenless homolog. STAT: signal transducer and activator of transcription. TSAd: T cell
specific adaptor protein. Modified from (Yarden and Sliwkowski, 2001).

2.1.4.1 The STAT pathway

Signal transducer and activators of transcription (STAT) proteins can be activated
by the ErbB receptors via Src family or Janus family kinases (JAK1, JAK2, JAK3
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and TYK?2) and presumably also directly (David et al., 1996; Leaman et al., 1996;
Olayioye et al., 1999; Muraoka-Cook et al., 2008). The human genome encodes
seven different STAT proteins, STAT1, STAT2, STAT3, STAT4, STATS5a,
STATSb and STAT6 (Schindler et al., 1992; Shuai et al., 1992; Copeland et al.,
1995; Wakao, Gouilleux and Groner, 1995). The two STATS5s are considered to be
the result of an evolutionary gene duplication event and share high, over 96%, amino
acid sequence homology (Copeland et al., 1995; Mui et al., 1995). Despite the high
sequence homology, the two STATSs have both redundant and specific functions
(Grimley, Dong and Rui, 1999). STATs function as transcription factors that induce
the transcription of their target genes (Schindler et al., 1992; Shuai et al., 1992). The
cellular outcome upon STAT activation depends on which STAT is activated and on
the cellular context. Generally, STAT1 induces the transcription of pro-apoptotic
factors, STAT3 and STATSs induce survival and growth and all STATs have
prominent but differential roles in immune cell functions. STAT5a is additionally a
key factor in the differentiation of mammary glands and lactation (Levy and Darnell,
2002; Villarino, Kanno and O’Shea, 2017; Philips et al., 2022).
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Figure 6. The structure and function of STATs as downstream effectors of ErbB RTKs. ErbB
receptors phosphorylate STATs in the activating tyrosine residue in the SH2 domain.
This phosphorylation leads to the dimerization of STATs and accumulation of the STAT
dimers into the nucleus or mitochondria. In the nucleus or mitochondria, the activated
STAT dimers induce the transcription of their target genes. P: phosphorylated residue.
SH2: SRC homology domain 2. STAT: signal transducer and activator of transcription.
RTK: receptor tyrosine kinase. Modified from (Levy and Darnell, 2002; Li et al., 2023).
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Upon activation by phosphorylation of the activating tyrosine residue, the
STATSs dimerize and accumulate into the nucleus to the promoter sites of their target
genes (Shuai et al., 1992; 1994) (Figure 6). In inactivated monomer state, the STATs
are diffusely located both in the cytosol and nucleus (Zeng et al., 2002; Liu, McBride
and Reich, 2005). STATSs consist of an N-terminal domain that is involved in STAT
oligomerization (Vinkemeier et al., 1998; John et al., 1999), a coiled-coiled domain,
a DNA binding domain that binds to DNA target sequences in the promoter sites
(Horvath, Wen and Darnell, 1995), a SH2 domain that binds to phosphorylated
tyrosine residues and acts as the dimerization interface for the activated dimer (Shuai
et al., 1994), a linker domain and, a C-terminal transactivation domain (Figure 6).
The activating tyrosine residue resides in the SH2 domain (Shuai et al., 1993). The
STATSs bind to other transcription factors, co-activators and co-repressors through
the coiled-coil, DNA-binding, linker and transactivation domains (Bhattacharya et
al., 1996; Horvath et al., 1996; Yang et al., 1999; Zhu et al., 1999; Nakajima et al.,
2001). The nuclear localization signal for the inactive monomer resides in the coiled-
coil domain and the nuclear localization for the active dimer in the DNA-binding
domain (Strehlow and Schindler, 1998; McBride et al., 2002; Zeng et al., 2002; Liu,
McBride and Reich, 2005).

RTKs have the tendency to activate some but not all STATS in the same cellular
context (Korpelainen et al., 1999; Olayioye et al., 1999; Yang et al., 2009). The
mechanisms of selective STAT activation by RTKs remain unknown.

2.2 Myocardial growth

2.21 Myocardial growth during the life span

During embryogenesis the cardiac progenitor cells originate from the mesoderm
(Garcia-Martinez and Schoenwolf, 1993; Tam et al., 1997). Two different sources
called heart fields of progenitor cells from the mesoderm that finally constitute the
myocardium have been identified (Buckingham, Meilhac and Zaffran, 2005). These
pools of progenitor cells are highly proliferative, and the initial heart tube is mainly
developed by the proliferation of these progenitor cells (van den Berg et al., 2009; de
Boer et al., 2012). The already formed cardiomyocytes contribute to the myocardial
growth later by re-entering the cell cycle in a process called dedifferentiation when the
heart tube loops to form the four distinct chambers (Christoffels et al., 2000; Soufan et
al., 2006). Further myocardial growth and trabecular formation during the embryonic
and fetal stage is achieved by locally varying rates of cardiomyocyte proliferation (Li
et al., 1996; de Boer et al., 2012). The signal for the formation of the trabeculae comes
from the endocardial lining (Meyer and Birchmeier, 1995; Meyer et al., 1997; Luxan et
al., 2016). After trabecular formation the cardiomyocyte division is mainly controlled
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by the epicardium (Sucov et al., 2009). At the perinatal period the proliferation rate of
cardiomyocytes drastically declines. One week after birth, the proliferation of most
cardiomyocytes has seized in mice (Li et al., 1996). In humans, cardiomyocyte
proliferation contributes significantly to myocardial growth still within the first 20
years, but postnatal, childhood, adolescent and adult myocardium growth is mainly
accomplished by cardiomyocyte hypertrophy (Li et al., 1996; Mollova et al., 2013;
Alkass et al., 2015; Bergmann et al., 2015). The annual renewal rate of cardiomyocytes
at the adult stage is very low, less than 1% (Bergmann et al., 2015). The different stages
of myocardium development during the lifespan are visualized in Figure 7.

During the peri- and postnatal period, a proportion of the cardiomyocytes
become binucleated or polyploid (Soonpaa et al., 1996; Walsh et al., 2010; Mollova
et al., 2013; Alkass et al., 2015; Bergmann et al., 2015). In human the
polyploidization occurs over the first two decades (Bergmann et al., 2015). These
polyploid and binucleated cardiomyocytes are considered to be terminally
differentiated and unable to divide. Regeneration of cardiomyocytes after injury is
accomplished by proliferation of the remaining mononuclear and diploid
cardiomyocytes, suggesting that the size of the pool of mononuclear and diploid
cardiomyocytes in the myocardium contributes to the extent of its regenerative
capability. (Bersell et al., 2009; Senyo et al., 2013; Patterson et al., 2017). The
current consensus in the field is that cardiac stem cells and progenitors contribute
minimally to the regeneration of cardiomyocytes in adults, less than 0.01% per year
(Van Berlo et al., 2014; Sultana et al., 2015; Eschenhagen et al., 2017b). In the adult
zebrafish, the cardiomyocytes retain their ability to proliferate. The adult zebrafish
cardiomyocytes remain diploid and mononuclear suggesting that these, indeed, are
the key characteristics of cardiomyocytes that maintain regenerative capability.
(Poss, Wilson and Keating, 2002; Belmonte et al., 2010) Consistently, introduction
of polyploidization to adult zebrafish cardiomyocytes limits their regenerative
capability (Gonzalez-Rosa et al., 2018).
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Figure 7. Myocardial growth at different stages of life.
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222 From pathological hypertrophy to heart failure

2.2.2.1 The difference between physiological and pathological hypertrophy

The postnatal myocardium compensates against sustained increased workload and
ventricular wall stress by inducing hypertrophic growth. Based on the type of
stimulus and the phenotype of the cardiac enlargement, two different types of cardiac
hypertrophy have been identified: physiological and pathological (Figure 8). While
physiological hypertrophy has a beneficial effect on the cardiac function,
pathological hypertrophy leads to impaired cardiac function. Physiological
hypertrophy is characterized by a milder proportional and mainly eccentric
enlargement of the myocardium and increased cardiomyocyte diameter both in width
and length. Pathological hypertrophy in turn is concentric where the dimensions of
the chamber are reduced in relation to the increase in ventricular wall mass. The
cardiomyocytes in pathological hypertrophy are enlarged more in width than in
length. The stimuli that lead to physiological hypertrophy are mainly normal
postnatal growth, pregnancy, and exercise. Pathological hypertrophy in turn is
triggered by increased pressure overload caused by hypertension, aortic stenosis,
volume overload caused by valve or kidney diseases, myocardial hypoxia or other
myocardial diseases. While association of certain signaling pathways to certain type
of hypertrophy have been discovered, it is of note that several myocardial growth
pathways can play a role in both types of hypertrophy. The current consensus in the
field suggests that the outcome of each myocardial growth signal is context-
dependent (Nakamura and Sadoshima, 2018).
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Figure 8. The hallmarks of physiological and pathological hypertrophy. Pathological hypertrophy
can lead to dilated cardiomyopathy and heart failure.
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2222 Maladaptation to decompensatory hypertrophy leads to heart
failure

While physiological hypertrophy induced by exercise or pregnancy is reversible,
pathological hypertrophy will persist without therapeutic intervention. Pathological
hypertrophy will often lead to a condition called dilated cardiomyopathy marked by
ventricular chamber dilation and cardiomyocyte elongation. This progression from the
initial short-term adaptive concentric response of pathological hypertrophy to the
maladaptive remodeling leads to contractile dysfunction and finally to heart failure. The
hallmarks of pathological hypertrophy that do not occur in physiological hypertrophy,
exacerbate the condition by reducing the contractility of the ventricular myocardium.
These hallmarks include increased fibrosis, cardiomyocyte death, dysregulated calcium
signaling, insufficient angiogenesis, inflammation and altered cardiomyocyte
metabolism favouring the production of reactive oxygen species. (Nakamura and
Sadoshima, 2018). Heart failure is categorized into three groups based on preserved,
mid-range or reduced ejection fraction (HFpEF, HFmrEF, HFrEF), a measure that
represents the fraction of blood volume ejected from the left ventricle in one heartbeat
(Borlaug, 2020; Murphy, Ibrahim and Januzzi, 2020; Savarese et al., 2022).

223 NRG-1/ErbB signaling in myocardial growth

Early knock-out studies in mice identified the essential role of NRG-1, ErbB2 and
ErbB4 in ventricular trabeculation (Gassmann et al., 1995; Lee et al., 1995; Meyer and
Birchmeier, 1995). During trabeculation NRG-1 is secreted by the endothelial cells
from the endocardial lining (Meyer and Birchmeier, 1995). The secreted NRG-1
activates the ErbB2/ErbB4 heterodimer in the cardiomyocytes, which induces the
cardiomyocytes to proliferate and form the trabeculae (Lee et al., 1995; Meyer and
Birchmeier, 1995). The Nrg-1, Erbb2 and Erbb4 knock-outs in mice are embryonically
lethal due to defects in heart function due to insufficient trabeculation and growth of the
ventricular wall (Gassmann et al., 1995; Lee et al., 1995; Meyer and Birchmeier, 1995).
To circumvent this, conditional knock-out studies have been performed in adult mice.
Conditional knock-out of genes along the NRG-1/ErbB2/ErbB4 signaling axis in the
myocardium results in dilated cardiomyopathy in adult mice suggesting that the
signaling pathway is not only crucial during development but also needed to maintain
the adult myocardium (Crone et al., 2002; Ozcelik et al., 2002; Garcia-Rivello et al.,
2005). This observation was further confirmed by experiments demonstrating that the
administration of the anti-ErbB2 antibody trastuzumab caused cardiomyopathies in
some breast cancer patients especially when coupled with the administration of
anthracyclines such as doxorubicin (Ennis S Lamon et al., 2001; Wadhwa et al., 2009;
Bowles et al., 2012). In concordance, doxorubicin-mediated cardiomyopathy has been
discovered to be associated with microRNA 146a mediated degradation of ErbB4
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mRNA in cardiomyocytes (Horie et al., 2010). The NRG-1/ErbB2/ErbB4 signaling axis
is also involved in the physiological hypertrophy induced by pregnancy (Lemmens,
Doggen and De Keulenaer, 2011). Genetic deletion of another ligand of the
ErbB2/ErbB4 heterodimer, HB-EGF, leads to a similar myocardial growth defect in
embryonic and adult mice than the deletion and the conditional deletion of the genes
along the NRG-1/ErbB2/ErbB4 signaling axis (Iwamoto et al., 2003; Yamazaki et al.,
2003). The phenotype reminiscent of dilated cardiomyopathy of the adult HB-EGF null
mice was exacerbated by the genetic deletion of another ligand for ErbB2/ErbB4
heterodimer betacellulin (Jackson et al., 2003).

NRG-1 is expressed by endothelial cells in the endocardium and capillaries of
the adult heart (Cote et al., 2005; Lemmens et al., 2006; livanainen et al., 2007) and
released mainly by the ADAM17 protease (Montero et al., 2000). In the adult heart
ErbB2 and ErbB4 are mainly expressed in the cardiomyocytes (Ozcelik et al., 2002).
It is of note, that only the JM-b isoforms of ErbB4 are expressed in the post-natal
heart (Elenius et al., 1997a; Veikkolainen et al., 2011; Wang et al., 2021).

NRG-1 induces proliferation of isolated cardiomyocytes at embryonic stage and
hypertrophy at post-natal stage indicating that the NRG-1/ErbB2/ErbB4 signaling
axis is involved in both phases of cardiomyocyte growth (Zhao et al., 1998; Baliga
et al., 1999). Transgenic overexpression of ERBB2 leads to a type of cardiomegaly
in neonatal and adult mice where both proliferative and hypertrophic cardiomyocyte
growth occurs along with cardiomyocyte dedifferentiation (D’uva et al., 2015).
Studies in zebrafish have indicated that the role of the NRG-1/ErbB signaling
pathway in myocardial growth is conserved in different species. Defects in
trabeculation and ventricular wall growth are observed in transgene zebrafish
embryos expressing a mutated version of Erbb2 or a ligand-trap for the Erbb4 ligand
Nrg2a or in larvae treated with a small molecule inhibitor of ErbB receptors (Fleming
etal.,n.d.; Liuetal., 2010; Rasouli and Stainier, 2017). Overexpression of transgene
Nrgl in adult zebrafish leads to cardiomegaly similarly to the transgenic
overexpression of ERBB2 in adult mice with the exception of only inducing
cardiomyocyte proliferation and dedifferentiation and no cardiomyocyte
hypertrophy (D’uva et al., 2015; Gemberling et al., 2015).

The trabeculation and ventricle wall growth effect of NRG-1/ErbB2/ErbB4
signaling axis during cardiogenesis has been attributed to Erk signaling due to a
correlation of the change in phosphorylated Erk levels in the myocardium of the left
ventricle with NRG-1 null or wild-type phenotype in mice (Lai et al., 2010). NRG-1 has
been discovered to stimulate the phosphorylation of Erk in cardiomyocytes in several in
vivo and in vitro models (Baliga et al., 1999; Sawyer et al., 2002; Kuramochi, Guo and
Sawyer, 2006; Liu et al., 2006; Lemmens, Doggen and De Keulenaer, 2011). In isolated
adult cardiomyocytes, the expression of hypertrophic genes induced by NRG-1
treatment was downregulated with an inhibitor targeting the upstream regulator of Erk,
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MEK (Baliga et al., 1999). However, treatment with ErbB2 siRNA, ErbB4 siRNA or
with an anti-ErbB2 antibody has had only a slight or no effect on the phosphorylation
levels of Erk in NRG-1 stimulated cardiomyocytes (Sawyer et al., 2002; Kuramochi,
Guo and Sawyer, 2006; Wang et al., 2021). Due to a discrepancy in the effect magnitude
of ErbB2 and ErbB4 siRNA treatment on NRG-1 induced phosphorylation of Erk and
cardiomyocyte hypertrophy, a recent report concluded that the activation of Erk alone is
not sufficient to induce the level of cardiomyocyte hypertrophy that is induced by NRG-
1 treatment (Wang et al., 2021). Chemical inhibition of ErbB1 and ErbB2 with lapatinib,
however, has been shown to downregulate the NRG-1 induced phosphorylation of Erk
in the left ventricle, which raises the question of the role of ErbB1 in the process. Indeed,
the phosphorylation of ErbB1 in the left ventricle increases by NRG-1 treatment and is
downregulated by lapatinib (Lemmens, Doggen and De Keulenaer, 2011). While the
signals for phosphorylated ErbB1 and Erk after NRG-1 administration may arise from
non-myocytes in the left-ventricle, administration of the ErbB1 ligand EGF is sufficient
to phosphorylate Erk in isolated cardiomyocytes and in the left ventricle (Rebsamen et
al., 2000; Lemmens, Doggen and De Keulenaer, 2011). A significant downregulation of
basal Erk phosphorylation in response to anti-ErbB2 treatment has, however, been
observed in non-stimulated cardiomyocytes (Pentassuglia et al., 2007). Similarly, the
hypertrophic cardiomyocyte response to the transgenic expression of constitutively
active ErbB2 is attenuated by the chemical inhibition of both Erk and Akt pathways
(D’uva et al., 2015). Inhibition of Erk also reduced cardiomyocyte proliferation and
dedifferentiation, while inhibition of Akt additionally reduced only cardiomyocyte
proliferation, in the transgenic ErbB2 mice model (D’uva et al., 2015). Inhibition of the
PI3K/Akt pathway, however, has been reported to be unable to attenuate NRG-1 induced
protein synthesis and expression of hypertrophy genes in isolated cardiomyocytes, but
still to be sufficient to disrupt the sarcomeric structure (Baliga et al., 1999). Due to the
partly conflicting results in isolated cardiomyocytes and in vivo in the myocardium, it
remains unclear which aspects of the myocardial growth response of NRG-1 are
mediated by Erk and Akt signaling and to what extent.

2.2.3.1 NRG-1/ErbB signaling in cardiac injury models

Administration of recombinant NRG-1 induces proliferation of cardiomyocytes after
myocardial infarction induced injury in mice (Bersell et al., 2009). Administration of
recombinant NRG-1 also has improved survival of the treated animals and the structure
and function of the left ventricle in several in vivo models of cardiac injury induced by
myocardial infarction (Liu et al., 2006; Bersell et al., 2009; Fang et al., 2010; Gu et al.,
2010; Guo et al., 2012; Hill et al., 2013; Galindo et al., 2014), doxorubicin (Liu et al.,
2006; Bian et al., 2009), myocarditis (Liu et al., 2006), diabetes (Li et al., 2011) and
pacing (Liu et al., 2006) (Table 1). In addition to improved left ventricle function and
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cardiomyocyte proliferation, administration of recombinant NRG-1 reduced
cardiomyocyte apoptosis in doxorubicin induced (Bian et al., 2009), myocardial
infarction induced (Fang et al., 2010; Guo et al., 2012) and diabetes induced (Li et al.,
2011) cardiomyopathy. The reduced apoptosis was attributed to the activation of the
PI3K/Akt pathway since chemical inhibition of the PI3K/Akt pathway increased
cardiomyocyte apoptosis in NRG-1 treated animals (Bian et al., 2009; Fang et al.,
2010). The NRG-1 induced cardiomyocyte proliferation after injury was additionally
attributed to the activation of PI3K/Akt pathway. This conclusion was reached due to
reduction of DNA-synthesis by the ectopic expression of the natural inhibitor of the
PI3K/Akt pathway, PTEN, in NRG-1 treated adult rat ventricular cardiomyocytes
(Bersell et al., 2009). In infarcted hearts NRG-1 administration also reduced the scar
size. The reduction in scar size was similarly attributed to the PI3K/Akt pathway since
treatment with a PI3K/Akt inhibitor increased the size of the myocardial scar of NRG-
1 treated mice. (Fang et al., 2010).

NRG-1 has been investigated as a treatment for heart failure in phase I, II and III
clinical trials (Table 2). A decrease in mortality and a moderate improvement in the
ejection fraction of the left ventricle has been observed in patients treated with
recombinant NRG-1 in these trials. (Gao et al., 2010; 2018; Jabbour et al., 2011;
Lenihan et al., 2016). However, more comprehensive clinical studies are ongoing
and are needed to determine the viability of recombinant NRG-1 as a treatment for
heart failure (trials NCT01251406, NCT01944683, NCT01258387, NCT04468529
and NCT03388593 in clinicaltrials.gov). The efficacy of NRG-1 as a heart failure
therapy has also been disputed. In an in vivo study of the efficacy of NRG-1 in post
myocardial infarction injury the investigators came into a conclusion that the benefits
of the NRG-1 treatment in improving the ejection fraction of the heart are
outweighed by the increase in left ventricular hypertrophy, which in the study
resulted in reduced cardiac output. (Zurek et al., 2020). The investigators in the study
were unable to discover an increase in cardiomyocyte proliferation in NRG-1 treated
rats in contrast to the earlier in vivo study in mice (Bersell et al., 2009; Zurek et al.,
2020). Earlier studies have also discovered a role for the NRG-1/ErbB2/ErbB4
signaling axis in pathological hypertrophy since it has been previously reported that
NRG-1 is upregulated during the first adaptive concentric phase of pathological
hypertrophy (Lemmens et al., 2006). Similarly, cardiomyocyte-specific transgenic
overexpression of ErbB2 has led to concentric hypertrophy (Sysa-Shah et al., 2012).
ErbB2 and ErbB4 mRNA and protein levels are, however, severely down-regulated
when pathological hypertrophy has advanced to heart failure (Rohrbach et al., 1999;
2005), indicating that the loss of the NRG-1/ErbB2/ErbB4 signaling axis might be
one of the reasons why the shift from pathological hypertrophy to heart failure
occurs. In concordance, polymorphisms in the ErbB4 gene are associated with the
risk of heart failure and overall death (Wang et al., 2016).
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Table 1. Effects of recombinant human NRG-1 administration in cardiac injury models.
Injury model Effects of NRG-1 administration Reference
Myocardial infarction induced | Improved ejection fraction, reduced (Bersell et
by ligation of the left anterior compensatory hypertrophy and ventricular al., 2009)
descending coronary artery of | dilatation, smaller infarct scar size, and
2-month-old mice increased cardiomyocyte proliferation compared

to control treated mice
Myocardial infarction induced | Improved ejection fraction and smaller left (Galindo et
by intracoronary balloon ventricular inner diameter compared to al., 2014)
occlusion of adult swine untreated swine
Ischemia/reperfusion injury Reduced infarct size and reduced (Fang et al.,
induced by ligation of the left | cardiomyocyte apoptosis compared to sham 2010)
anterior descending coronary | treated rats
artery of male adult rats
Myocardial infarction induced | Improved ejection fraction and reduced left (Guetal.,
by ligation of the left anterior | ventricular diameter compared to control treated | 2010)
descending coronary artery of |rats
adult rats
Myocardial infarction and heart | Improved ejection fraction, reduced left (Guo et al.,
failure induced by coronary ventricular diameter, decreased cardiomyocyte |2012)
ligation of adult rats apoptosis, and decreased production of reactive

oxygen species compared to control treated rats
Myocardial infarction induced | Improved fractional shortening compared to (Hill et al.,
by ligation of the left coronary | control treated rats 2013)
artery of adult male rats
Myocardial infarction induced | Improved ejection fraction, reduced left (Liu et al.,
by ligation of the left anterior ventricular diameter, improved left ventricle 2006)
descending coronary artery of | contractility and reduced renin angiotensin
adult rats system activation compared to control treated

rats
Doxorubicin cardiomyopathy Improved left ventricle contractility, less cardiac | (Liu et al.,
induced by doxorubicin damage and improved overall survival 2006)
administration to adult rats compared to control treated rats
Injury induced by single-dose | Improved left ventricle contractility, less cardiac | (Bian et al.,
doxorubicin administration to | damage and improved overall survival 2009)
adult mice compared to control treated mice
Myocarditis induced by Improved ejection fraction, less cardiac damage | (Liu et al.,
infection of adult mice with CV- | and improved overall survival compared to 2006)
B3 enteroviruses control treated mice
Chronic rapid pacing induced | Improved ejection fraction, and improved left (Liu et al.,
by insertion of a pacing lead ventricular contractility compared to control 2006)
into the right ventricle of adult | treated dogs
dogs
Diabetic cardiomyopathy Improved left ventricle contractility, reduced (Li et al.,
induced by injection of cardiomyocyte apoptosis and reduced 2011)

streptozotocin into postnatal
rats

ventricular fibrosis compared to control treated
rats
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Table 2. Effects of recombinant human NRG-1 administration in clinical trials.

Clinical trial Effects of NRG-1 administration |Reference
Phase | trial to assess the efficacy of NRG- | Improved left ventricle ejection (Jabbour et
1 administration along with standard fraction compared to baseline al., 2011)

therapy for the treatment of chronic heart
failure patients with left ventricle ejection
fraction <40%

Phase | trial to assess the efficacy and Improved left ventricle ejection (Lenihan et
tolerability of a single dose of NRG-1 along |fraction compared to baseline and | al., 2016)
with standard therapy for the treatment of | placebo treated subjects
ventricular dysfunction and heart failure
patients with left ventricle ejection fraction

<40%

Phase I trial to assess the safety and Improved left ventricular ejection (Gao et al.,
efficacy of NRG-1 administration along with | fraction compared to baseline but | 2010)
standard therapy for the treatment of not to placebo treated subjects

chronic heart failure patients with left
ventricle ejection fraction <40%

Phase Il trial to assess the efficacy and Decrease in mortality especially (Gao et al.,
safety of a weekly bolus of EGF-like within a patient subgroup with 2018)
domain of human NRG-1 along with <1600 fmol/mL NT-proBNP serum

standard therapy for the treatment of levels compared to placebo treated

chronic heart failure subjects

224 STAT signaling in myocardial growth

A role for STAT proteins in myocardial growth was first indicated with the discovery
that the hypertrophic agonist leukemia inhibitory factor (LIF) activates STAT3 in
isolated rat cardiomyocytes (Kodama et al., 1997). The role for STAT3 in LIF
mediated cardiomyocyte hypertrophy was confirmed with infection of murine
cardiomyocytes with adeno viruses carrying either wild-type or mutated STAT3
(Kunisada et al., 1998). Little later another hypertrophic agonist, angiotensin II, was
discovered to activate STAT5 in neonatal rat ventricular cardiomyocytes
(McWhinney, Dostal and Baker, 1998). Since then, the activation of both STAT3
and STATS5 has been detected in cardiomyocytes after stimuli with several
hypertrophic factors in addition to LIF and angiotensin II including cardiotrophin-1
(Fukuzawa et al., 2000), interleukin-9 (Yang et al., 2020) and EGF (Rebsamen et al.,
2000). The role of STAT3 and STATS in angiotensin II-induced cardiomyocyte
hypertrophy has been confirmed in in vitro cardiomyocyte cell lines and in vivo with
siRNA-mediated knock-down and chemical inhibitors, respectively (Han et al.,
2018; Jin, Wang and Ma, 2022). The activation of both STAT3 and STATS is
detected in pressure overload induced hypertrophy (Pan et al., 1997; 1999; Kimura
et al., 2018) and some of the hypertrophic factors that are known to activate either
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STAT3 or STATS or both are expressed in response to pressure overload (Schunkert
et al., 1990; Pan et al., 1998; 1999).

Cardiomyocyte-specific transgenic overexpression of STAT3 in mice induces
myocardial hypertrophy and protects against doxorubicin induced myocardial injury
(Kunisada et al., 2000). Mice with cardiomyocyte specific deletion of STAT3 in turn
have dilated left ventricles and develop heart failure spontaneously with age. The
detected myocardial dysfunction is partly the result of increased fibrosis, but there
are indications that cardiomyocyte apoptosis was also increased in the myocardium
of STAT3 cardiac-null mice (Jacoby et al., 2003). A polymorphism in the STAT5b
gene, in turn, is associated with the risk of dilated cardiomyopathy (Peng et al.,
2012).

Both STAT3 and STATS have been discovered to mediate the cardioprotective
effect of wvarious stimuli. STAT3 mediates the cardioprotective effect of
postconditioning, insulin and IL-11 against ischemia-reperfusion injury (Fuglesteg
et al., 2008; Tian et al., 2011; You et al., 2011; Obana et al., 2012) and controls the
transcription of cardioprotective and anti-apoptotic genes in the injured
cardiomyocytes (Bolli et al.,, 2011). STATS in turn is essential for the
cardioprotective effect of remote ischemic preconditioning (Heusch et al., 2012; Wu
et al., 2017; Chen et al., 2018). It is of note that both STAT3 and STATS seem to
elicit the cardioprotective effect by inducing the transcription of the anti-apoptotic
genes BCL-2 and BCL-XL and by controlling the activation of the PI3K/Akt
pathway (Fuglesteg et al., 2008; Bolli et al., 2011; Tian et al., 2011; You et al., 2011;
Chen et al., 2018). Indeed, it has been suggested that STAT3 compensates for
STAT5 in electroacupuncture-mediated cardioprotection against ischemia-
reperfusion injury (Guo et al., 2021) and STATS3 is activated in the heart of STATS
conditional knock-out mice (Chen et al., 2018). The activation of the PI3K/Akt
pathway is also downregulated by a STATS inhibitor in stretched isolated rat
cardiomyocytes indicating that the hypertrophic effect of the STATS signaling
during pressure overload in cardiomyocytes might also be due to regulation of the
activation of the PI3K/Akt pathway (Kimura et al., 2018).

Cardiomyocyte specific knock-out of NUMB (NUMB endocytic adaptor
protein) and NUMB-L (NUMB like endocytic adaptor protein) in embryonic mice
has been discovered to lead to increased ErbB2 mediated activation of STATS in the
myocardium. The increased STATS activation increased nuclear localization of
YAP1 and consequent cell cycle re-entry and proliferation of cardiomyocytes,
suggesting that regulation of YAP1 might be one of the mechanism by which STATS
controls hyperplastic cardiomyocyte growth (Hirai et al., 2017). Another mechanism
by which STATSb specifically can elicit cardiomyocyte proliferation has been
suggested by the investigations on the effect of growth hormone on the human
myocardium. Growth hormone deficient subjects suffer from a severe myocardial
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growth defect that impairs the function of the heart (Amato et al., 1993; Merola et
al.,, 1993; Sartorio et al., 1997). Growth hormone elicits it responses via the
activation of STAT5b which in turn induces the transcription of IGF-1 (Udy et al.,
1997; Woelfle, Billiard and Rotwein, 2003; Woelfle, Chia and Rotwein, 2003). The
administration or transgenic expression of growth hormone or IGF-1 induces
cardiomyocyte proliferation even in adult cardiomyocytes (Kajstura et al., 1994;
Reiss et al., 1996; Briiel, Christoffersen and Nyengaard, 2007). This suggests that
STATSD could putatively induce hyperplastic cardiomyocyte growth by inducing the
transcription of IGF-1. In addition, persistent transgenic expression of IGF-1 has
also been connected to cardiomyocyte hypertrophy (Delaughter et al., 1999). IGF-1
activates the PI3K/Akt pathway in cardiomyocytes implying that the regulation of
the activation of the PI3K/Akt pathway by STATS5b could also be the consequence
of increased transcription of IGF-1 (Matsui et al., 1999; Fujio et al., 2000).

225 VEGF signaling in myocardial growth

Along with angiogenesis, angiogenic factors such as VEGFs can induce myocardial
growth. Administration of adeno-associated viruses encoding or transgenic
expression of VEGF-B or PIGF has induced hypertrophic growth of the myocardium
in several in vivo models (Tirziu et al., 2007a; Karpanen et al., 2008; Jaba et al.,
2013). The induced hypertrophy has been considered as physiological since no
reduction in the heart function has been detected in these models. The myocardial
growth induced by angiogenic factors has mainly been thought to occur through
secretion of myocardial growth signals from the endothelial cells, but there are
reports that indicate that the receptors for the angiogenic factors are also expressed
in the myocardium. VEGFR1 and VEGFR2 have been detected in cardiomyocytes
and injection of adeno-associated viruses encoding VEGF-A or VEGF-B had an anti-
apoptotic effect on cardiomyocytes under ischemia-reperfusion injury. No additional
growth, however, has been detected in isolated rat cardiomyocytes treated with
VEGF-A or VEGF-B indicating that the growth phenotype of transgenic or adeno-
associated virus mediated VEGF-B expression is originating from endothelial cells
(Zentilin et al., 2010). Adeno-associated virus-based gene delivery of VEGF-B also
induces proliferation of cardiomyocytes in the failing myocardium in mice (Huusko
etal., 2012).

2.3 Module, network and pathway inference from
omics data

Ever since the advent of high-throughput technologies, cell signal pathway inference
has been a constant aim in systems biology. The inception of the concept can be
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mapped back to the development of microarray technologies that allowed the
instantaneous measurement of the expression level of multiple and later all
transcripts of an organism (Schena et al., 1995; DeRisi, lyer and Brown, 1997;
Wodicka et al., 1997). Quickly after, different strategies to identify regulatory
modules in the microarray data were developed and gene regulatory module and
network inference became a long-standing goal in the field (Tamayo et al., 1999;
Barkai et al., 2002). On top of these methods, analysis methods that allowed the
investigator to test the enrichment of already discovered cell signaling pathways in
high-throughput data were envisioned (Dennis et al., 2003; Hosack et al., 2003;
Subramanian et al., 2005). One of these methods called the gene set enrichment
analysis (GSEA) instantaneously became popular to an extent that it is still one of
the most widely used pathway discovery methods to this day (Subramanian et al.,
2005).

Over the years more high-throughput technologies were developed that allowed
the more comprehensive measurement of the expression of almost all proteins,
transcripts, post-translational modifications, metabolites, epigenetic modifications,
gene modifications, molecular interactions, lipids, or miRNAs. These approaches
were named omics approaches and the suffix omics was added to the end of the name
of the biological entity that was being measured to indicate the study of the entirety
of the specific biomolecule (Dai and Shen, 2022). Nowadays, it is common to
measure more than one omics layer from the same samples, giving rise to a field
called multi-omics (Karczewski and Snyder, 2018).

The current single-omics and multi-omics pathway and module discovery
methods can be roughly divided into two categories: the methods that utilize prior
data in the inference and the ones that are independent of prior knowledge. The
approaches that utilize prior information have been discovered more accurate when
relevant prior information is available but tend to be prone to overfitting and biases
due to the incompleteness, skewness and context-dependency of prior information
(Maetschke et al., 2014; Garrido-Rodriguez et al., 2022). The skewness of the prior
information stems from the unequal level of information available per feature leading
to models where in the worst case the features without any prior information
available are ignored and the ones with high level information are endorsed in the
inference. If the context-dependency of prior information is ignored, the resulting
inference might predict connections that do not occur in the studied context. The
benefit of prior information-independent approaches is in the discovery of previously
unreported cell signaling connections that are easily missed by prior information-
dependent approaches that can weigh the known connections over new ones.
(Garrido-Rodriguez et al., 2022). Here a focus on only the prior data-independent
inference methods was selected.
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2.3.1 Prior data-independent module, network and pathway
inference methods for single omics data

2.3.11 Association measure-based methods

The initial and most widely used signaling module (cluster) and network methods
for single-omics data rely on association (co-expression) measures like the
correlation coefficients. In network representations (Figure 9), the association
measures define the strength of the edges between the nodes that represent the
features such as genes, proteins or transcripts in the omics dataset. Correlation-based
signaling module and network methods such as the weighted correlation network
analysis, WGCNA, have been considered the benchmark for other signaling module
and network inference methods (Langfelder and Horvath, 2008). Mutual information
has been proposed as an alternative association measure for the correlation
coefficients especially to improve the inference of non-linear associations in single
omics data (Steuer et al., 2002; Margolin et al., 2006). Correlation-based measures,
however, outperform mutual information in discovering linear relationships (Song,
Langfelder and Horvath, 2012). In most cases the performance of correlation co-
efficients and mutual information has been discovered to be comparable (Steuer et
al., 2002; Song, Langfelder and Horvath, 2012). Since it has been discovered that
the pairwise gene relationships are mostly linear and calculation of correlation
coeffecients is more straight-forward, less computationally demanding, and
unconstrained by sample size, correlation-based methods are preferred over the
mutual information-based methods in gene regulatory network discovery (Song,
Langfelder and Horvath, 2012). An analysis of variance-based association score 1’
has outperformed the Pearson’s correlation coefficient in finding true gene
regulatory relationships (Kiiffner et al., 2012).

H edge
directed edge ‘

Figure 9. Network representation. Association measures define the edges of the network and
nodes represent the features (e.g., proteins, transcripts, genes, post-translational
modifications sites) of omics datasets.
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Topological overlap measures have been used to weigh the initial correlation
coefficient-based networks with increased inference accuracy as a result (Yip and
Horvath, 2007). Topological overlap measures represent the number of shared
neighbours for a pair of feature nodes in a network presentation and consider the
feature pairs with higher amount of common neighbours as more highly associated.
Gaussian graphical models (GGM) and other partial correlation-based methods have
been also proposed to consider the effect of the other features in the dataset to the
pairwise association between two features (Rice, Tu and Stolovitzky, 2005). Gaussian
graphical models, however, cannot handle high-dimensional omics datasets, i.e.
datasets where the number of features is significantly higher than the number of
samples, requiring shrinkage approaches such as the graphical lasso and and the
Ledoit-Wolf shrinkage to overcome the high dimensionality problem (Ledoit and
Wolf, 2004; Friedman, Hastie and Tibshirani, 2008). The high dimensionality problem
(also known as the n << p problem) arises from the need for the sample covariance
matrix to be invertible to infer the GGM (Ledoit and Wolf, 2004). The shrinkage
approaches have been discovered to cause bias to the final network, reducing the
applicability of GGMs (Bernal et al., 2021). Partial correlation-based signaling
network and module methods, however, excel in differentiating between causal
correlations and spurious correlations (Werhli, Grzegorczyk and Husmeier, 2006; Zuo
et al., 2014). Spurious correlations are considered as correlations that arise from the
influence of a confounding factor instead of a causal link. Directed networks can also
be learned with partial correlation-based methods, but their performance have been
only proven with simulated data (Zuo et al., 2014). Different approaches such as the
background elimination step in the CLR algorithm and the technique in the ARACNE
algorithm that removes edges based on the data processing inequality principle, have
been also developed to eliminate indirect associations in mutual information networks
(Margolin et al., 2006; Faith et al., 2007).

2.3.1.2 Non-association measure-based approaches

Several non-association measure-based approaches have also been developed to
infer cell signaling module and networks from single omics data. The Dialogue on
Reverse Engineering Assessment and Methods (DREAM) challenges are crowd-
sourced calls for computational methods to solve biological and medical data
analysis problems and provide an unbiased benchmark for the assessment of the
submitted methods. One of the objectives in the DREAM3, DREAM4 and DREAMS
challenges have been to infer gene regulatory networks either from simulated or real
omics data (Prill et al., 2010; Marbach et al., 2012). The best performing algorithms
in these DREAM challenges were all based on other principles than association
measures. The most consistent performer in the in-silico network DREAM3
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challenge combined both noise models and ordinal differential equations (ODE)
(Yip et al., 2010). After the DREAM3 challenge, other ODE based methods have
also been proposed but mostly only for time-series data (Oates et al., 2014; Mao et
al., 2022). The winner of the DREAM4 In Silico Multifactorial challenge and the
DREAMS network inference challenge in turn was a regression-tree based ensemble
machine learning method called GENIE3 (Huynh-Thu et al., 2010). It is of note that
the association measure n>-based algorithm ANOVA n? outperformed GENIE3 in
the DREAMS network inference challenge with real omics datasets. The ANOVA
n? algorithm, however, did include prior information on to the inference, which
makes it unclear if the better performance was only due to the utilization of additional
information. (Kiiffner et al., 2012). A linear regression-based approach TIGRESS
ranked third in the DREAMS network inference challenge. Enhanced performance
over GENIE3 in the DREAMS challenge datasets was, however, reported by the
developers of TIGRESS after parameter optimization (Haury et al., 2012). TIGRESS
was also discovered to outperform the other methods in the DREAMS network
inference challenge in discovering directed network connections (Xiao et al., 2022).

After the DREAMS challenge, other machine learning ensemble methods that
reportedly outperform GENIE3 in gene regulatory network inference with the
DREAM datasets have been developed such as ADANET (Stawek and Arodz, 2012)
and ENNET (Slawek and Arodz, 2013). Both ADANET and ENNET use boosting
to train either regression tree or stump-based weak learners (Stawek and Arodz,
2012; Slawek and Arodz, 2013).

Several approaches have been suggested as direct alternatives for the association
measure-based methods. Regression methods have been proposed as an alternative to
mutual information in discovering non-linear relationships. Spline and polynomial
regression have been discovered to function similarly to mutual information networks
(Song, Langfelder and Horvath, 2012), but other regression approaches such as sparse
regression with Lasso have also been proposed (Friedman, Hastie and Tibshirani,
2008). To solve the directionality and the conditional dependency of the molecular
associations in omics data, Boolean and Bayesian networks have been proposed as an
alternative to partial correlation-based methods (Friedman et al., 2000; Shmulevich et
al., 2002). The Boolean logic, however, has been considered too simplistic to describe
the complex regulatory relationships of biomolecules and Bayesian networks
reportedly outperform Boolean networks in gene regulatory network discovery (Li et
al., 2007). Both Bayesian and Boolean networks, however, suffer from computational
complexity. The computational complexity expands with larger networks making it
exceedingly computer resource consuming to solve regulatory networks from genome-
wide expression data with Boolean or Bayesian networks. Indeed, solving the exact
structure of a Bayesian network has been classified as a non-deterministic polynomial-
time hard (NP-hard) problem (Koivisto and Sood, 2004). Efforts, however, have been
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made to reduce the computational complexity of Bayesian networks by for instance
implementing a mutual information-based candidate auto selection or node ordering
by pair-wise causal inference testing to reduce the combination of neighbours that need
to be considered (Xing et al., 2017; Wang, Audenaert and Michoel, 2019). The
advantages and limitations of both association score-based and non-association score-
based methods are summarized in Table 3.

Table 3.

Summary of the reported advantages and limitations of previously proposed prior data

independent module, network and pathway inference methods.

Method

Reported advantages

Reported limitations

Correlation based-methods

Mutual-information-based-
methods

Partial-correlation-based-
methods

ODE models

Regression tree-based
ensemble methods

Boolean networks

Bayesian networks

Other regression-based
methods

Robust, fast and easy to
compute, excels in discovering
linear relationships

Excels in discovering non-
linear relationships,
performance similar to
correlation-based methods

Excels in discovering the
directions of the associations,
excludes spurious
associations

Describes the quantitative
relationships between features

Reportedly outperform other
methods, can capture both
linear and non-linear
relationships and can be used
to solve directionality

Excels in discovering the
directions of the associations,
excludes spurious
associations

Excels in discovering the
directions of the associations,
excludes spurious
associations

Excels in discovering non-
linear relationships, can be
used to solve directionality

Can’t discover non-linear
relationships, can’t
differentiate between spurious
and direct associations, can’t
solve directionality

Less straight-forward to
compute than correlation, can’t
differentiate between spurious
and direct associations, can’t
solve directionality

Requires shrinkage
approaches to function with
high-dimensional datasets

Requires extensive parameter
estimation, mostly suited for
time-series data

Performs better with simulated
datasets than real omics
datasets, performs worse with
real omics datasets than best
performing association
measure-based methods

Considered too simplistic,
outperformed by Bayesian
networks, computational
complexity reduces utility with
high dimensional datasets

Computational complexity
reduces utility with high
dimensional datasets

No reported advantages over
mutual-information based-
methods
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2.3.1.3 Community approaches outperform individual approaches

The organizers of both the DREAM3 and DREAMS challenges concluded that
combining more than one approach produces a more accurate inference of gene
regulatory networks than applying the best performing method alone due to more
consistent performance across datasets. The organizers discovered systematic errors
in the inference methods that were compensated by the other approaches in the
community inference. The final edges in the combined approach were selected by
the combined average rank from the individual approaches. (Marbach et al., 2010;
2012). Including the 5 best performing approaches in the community inference had
an additive effect, which was not observed with the inclusion of the 5 worst
performers (Marbach et al., 2012). This indicates that the accuracy of the individual
approach is also important for successful community inference. The performance of
an individual approach was not tied to its core principles. Correlation, mutual
information, ensemble, regression, Bayesian network and meta (approaches
combining more than one principle) based approaches were all both among the best
and worst performers indicating that a successful implementation is more important
than the choice of the core principle. (Marbach et al., 2010; 2012). Similarly, a
combination approach Ensinfer was discovered to increase the accuracy of the
inference of gene regulatory networks over individual gene regulatory inference
methods (Shen, Coruzzi and Shasha, 2023). These observations underline the
importance of developing a variety of accurate inference methods for single omics
regulatory module and network inference that are based on different core principles.
The aim should not be to only create a method that outperforms other individual
inference approaches, but a complementary method that also adds additive value to
a community approach.

2.3.2 Efforts to develop prior data independent cell signaling
pathway inference methods for multi-omics data are
currently lacking

A recent review listed the current proposed unsupervised computational multi-omics
integration methods (Vahabi and Michailidis, 2022). Astonishingly, none of the
approaches mentioned in the review were designed to uncover cell signaling
pathways from multi-omics data without the use of prior information. Instead,
several pathway discovery methods that utilize prior information in different stages
of the inference have been developed (Vaske et al., 2010; Paull et al., 2013; Koh et
al., 2019; Liu et al., 2019; Dugourd et al., 2021; Garrido-Rodriguez et al., 2022;
Palshikar et al., 2023). Recent research emphasis in multi-omics data analysis has
been mainly in developing clusterization, feature extraction and dimensionality
reduction approaches (Cantini et al., 2021; Vahabi and Michailidis, 2022). While
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clusterization approaches can find modules from multi-omics data and have been
proven effective in stratifying samples and in predicting clinical outcome and
biomarkers, there is little evidence that the high-weight features connected by the
latent factors would represent cell signaling pathways (Cantini et al., 2021; Vahabi
and Michailidis, 2022).

While prior information independent cell signaling and module inference
approaches specifically for multi-omics data have not been yet developed, the
approaches originally applied to single omics data module and network discovery
have been applied to multi-omics data. WGCNA and other correlation network-
based methods have been applied to analyze and combine multi-omics data
(Acharjee et al., 2016; Zoppi et al., 2021). Since a formal analysis on their
applicability to multi-omics data has not been conducted it is unclear what the
modules and networks inferred and integrated by these methods truly represent. An
inference method designed for certain single omics modality might have limited
function in a multi-omics context for several reasons. One, it has been well
established that data produced by different omics technologies follow different
probability distributions, can be bounded or unbounded, discrete or continuous and
therefore are governed by different key parameters (Mirza et al., 2019; Tarazona,
Arzalluz-Luque and Conesa, 2021). A cell signaling module and network method
designed to infer cell signaling connections from single omics data will have limited
performance with heterogenic multi-omics data if the inference method is dependent
on the parametric assumptions of the input data. Second, data sparsity is highly
variable between the data produced by different omics technologies and cell
signaling module and network inference methods for single omics vary in how well
they can handle missing values in the data (Mirza et al., 2019; Song et al., 2020;
Tarazona, Arzalluz-Luque and Conesa, 2021). While data imputation approaches
have been developed, it is generally accepted that these can cause bias to downstream
analyses especially if the number of missing values is significant in the dataset (Song
et al., 2020). Third, the number of features identified by different omics approaches
is variable and not all single omics module and network approaches can be scaled to
perform with a significantly higher number of features (Mirza et al., 2019). Since the
original validation of these methodologies have usually been performed only with
certain single omics data, a coordinated effort should be made to validate their
accuracy also with the diverse multi-omics data. The integration of the different
modalities of the heterogenous multi-omics data is another non-trivial challenge that
has not been addressed by the approaches that have been only designed for single-
omics data (Mirza et al., 2019; Tarazona, Arzalluz-Luque and Conesa, 2021).

Some prior data independent multi-omics analysis approaches have been
developed with the intention of uncovering causal relationships between multi-omics
modules. An approach called Transkingdom Network Analysis (TransNet) has been
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developed to discover causal links between different omics modules (Rodrigues,
Shulzhenko and Morgun, 2018). TransNet first identifies modules from a correlation
network by the cluster identification method MCODE (Bader and Hogue, 2003) and
then uses correlation to discover the features that link these two modules (Rodrigues,
Shulzhenko and Morgun, 2018). An approach called LemonTree first discovers
consensus multi-omics modules from Gibbs sampled modules inferred from
expression data and then computes a regulator-to-module score for each separately
listed regulator (Bonnet, Calzone and Michoel, 2015). LemonTree is not a
completely prior information independent approach since the suggested regulators
are supplied based on prior knowledge (Bonnet, Calzone and Michoel, 2015). Due
to a lack of formal analysis it is unclear how successful TransNet and LemonTree is
in discovering causal multi-omics relationships. Based on the limited amount of
available approaches and lack of rigorous validation, it is clear that more effort into
developing prior information independent methods that can discover causal
relationships between multi-omics modalities needs to be exerted.
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3 Aims

By understanding the modular nature of cell signaling pathways, researchers have
been able to identify and target the specific structural determinants in cell signaling
molecules that regulate the aberrant signaling involved in disease processes. The
modular research approach has identified several functional regions in the cell
signaling molecules that are the targets of clinically approved drug-based therapies.
The structure-function relationship of receptor tyrosine kinases was selected as a
focus in this thesis, since receptor tyrosine kinases are the key regulators of several
important organ functions and they have been successfully targeted as a therapy for
cancer. As one of the primary objectives, the effect of structural variation in the
extracellular juxtamembrane region of receptor tyrosine kinases on the diversity of
the downstream signaling of receptor tyrosine kinases was researched. The
extracellular juxtamembrane region is one of the least researched structural regions
in receptor tyrosine kinases but has the benefit of residing outside the cell membrane.
This advantageous location allows for more variable therapy development due to
higher accessibility compared to intracellular regions such as the kinase domain that
require the therapeutic compound to pass the cell membrane.

To investigate the diversity of signaling originating from the extracellular
juxtamembrane region the natural JM isoforms of the receptor tyrosine kinase ErbB4
was utilized. This allowed for the identification of a signaling pathway that was
specific for the ErbB4 JM-b isoform specifically expressed in cardiomyocytes. The
ligand for the ErbB4 receptor tyrosine kinase NRG-1 has been identified as a critical
regulator of cardiomyocyte growth and is currently investigated in clinical trials as
a therapy for heart failure. Due to the therapeutic potential of NRG-1, the
identification of the downstream pathways of NRG-1 and ErbB4 that induce the
survival and growth of cardiomyocytes was considered a serviceable strategy to
uncover new molecular targets for heart failure treatment. Therefore, investigation
on the role of the discovered ErtbB4/STATS5b pathway in myocardial growth was
selected as one of the primary aims in this thesis. The role of the NRG-1/ErbB
signaling in VEGFB mediated cardiomyocyte growth was additionally investigated
as a secondary aim to understand the cardiomyocyte-based mechanisms that allow
an endothelial derived signal to induce cardiomyocyte growth.
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Recent developments in omics technologies have allowed the collection of more
comprehensive measurements on the state of cell signaling. The accumulation of vast
cell signaling molecule information has created the undeniable need for
computational methods that can reverse-engineer cell signaling pathways from
multi-level molecular information. To create a tool that can discover new cell
signaling pathways from multi-omics derived information, the design of a de novo
multi-omics pathway inference method was selected as one of the primary aims in
this thesis. A de novo approach is especially suited in uncovering new signaling
connections compared to prior information dependent approaches that are prone to
inherit the bias from the incompleteness, skewness and context-dependency of prior
information.

The specific objectives of this thesis were as follows:

1. To research the mechanisms of cell signaling diversity arising from
the extracellular juxtamembrane region of receptor tyrosine kinases.

2. To uncover the role of the discovered cardiomyocyte specific
ErbB4/STATSDb pathway in myocardial growth to aid in heart failure
therapy development.

3. To investigate the role of NRG-1/ErbB signaling in endothelium
derived VEGFB signaling induced physiological myocardial growth.

4. To develop the first prior-information independent approach designed
to infer cell signaling pathways from multi-omics data.

52



4 Materials and Methods

4.1 Experimental models

The reagents, antibodies, constructs, cell lines and DNA and RNA sequences utilized
in this thesis are listed in the Resources Table in I and Reagents and Tools table in
I, and in the Supplementary Materials and Methods of III and in IV. The details of
ligand, siRNA, antibody and chemical inhibitor concentrations and incubation times,
mass spectrometry gradients, and mass spectrometry instrument and analysis settings
can be found in the Materials and Methods section of articles I-1V.

411 Cell culture (1, Il, 1V)

MDA-MB-468, COS-7, WM-266-4, Phoenix Ampho HEK293 and HEK293T cells
were cultured in DMEM and MCF-7 and HC11 cells in RPMI 1640 supplemented
with 10% fetal bovine serum, 2 mM Ultra-Glutamine and 50 U/ml penicillin-
streptomycin. The culture medium of MCF-7 cells was additionally supplemented
with 10 nM estrogen and 1:2000 insulin solution and the culture medium of HC11
cells with 10 ng/ml EGF and 1:2000 insulin solution. The culture medium of stably
transduced MDA-MB-468, HC11 and WM-266-4 cells was supplemented with
3 pg/ml puromycin. All cell lines were incubated at 37°C in the presence of 5% CO..

4.1.2 Primary cell isolation and culture (I1)

The heart of male NMRI neonatal mice (not more than 3 days old) were excised,
minced, washed twice with ice-cold HBSS (Hank’s balanced salt solution) and
enzymatically digested with an enzyme mix from the Cardiomyocyte Isolation kit
consisting of papain and thermolysin for 30 minutes at 37°C under gentle agitation.
The samples were centrifuged at 900 g for 5 minutes and the supernatant was washed
twice with ice-cold ADS buffer (Louch, Sheehan and Wolska, 2011). A percoll
gradient was used twice to isolate the cardiomyocytes from other cell types as
previously described (Louch, Sheehan and Wolska, 2011). TC20 automated counter
was used to determine the concentration and viability of trypan blue stained
cardiomyocytes. The isolated cardiomyocytes were plated on culture plates coated
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with 1% gelatin or in coverslips coated with 2% growth factor reduced matrigel in
plating medium consisting of 68% DMEM, 17% 199, 10% horse serum and 5% fetal
bovine serum. The plating medium was changed into maintenance medium
consisting of 80% DMEM, 20% 199, 5mM Creatine, 2 mM Carnitine and 5 mM
Taurine after 2 days.

4.1.3 Zebrafish embryos (lI)

Zebrafish embryos of casper strain were obtained from the Zebrafish Core of Turku
Bioscience Center (University of Turku and Abo Akademi). The embryos were
produced by natural breeding in allocated breeding tanks, collected, washed and
incubated in E3-medium in a humified incubator. For anesthesia, tricaine at the end
concentration of 200 mg/ml was used. The embryos were euthanized under
anesthesia in 4% paraformaldehyde or in 2x Laemmli buffer followed by mechanical
dissociation. For live imaging studies, the embryos were anesthetized and embedded
into low melting point agarose.

414 Adeno-associated virus-treated mice (11, Il)

Weight matched adult male wild type C57BL/6JOlaHsd mice obtained from Envigo
Harlan were injected with a total of 5 x 10! AAV9 particles encoding the indicated
constructs intraperitoneally. A total of 4 x 10'" AAV9 particles encoding the
scrambled control construct or a construct of murine extracellular domain of ErbB4
fused to the Fc region of IgG (mErbB4-Fc) were injected in combination of either
1 x 10" of particles encoding murine VEGFB186 (mVEGFBI186) or control
constructs. Two weeks after the injections, the animals were terminally anesthetized
with intraperitoneal injection of ketamine and xylazine and euthanized by cervical
dislocation. The heart was excised, and the serum collected. The heart weight was
measured and normalized to the pre-euthanasia body weight. For the preparation of
cryosections, a transverse mid-section of the heart was embedded in OCT and
snapfrozen in liquid nitrogen-cooled 2-methylbutane containing 2% pentane. The
apex of the heart was either snapfrozen in liquid nitrogen or freshly lysed for
biochemical analyses.

4.1.5 Patient samples (ll)

Formalin-fixed paraffin-embedded myocardial tissue sections from 19 patients who
underwent medical autopsy at Turku University Hospital between 2008 and 2017
were acquired from Auria Biobank. The patient samples were divided into
hypertrophy and control cohorts based on the histopathological analysis of
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cardiomyocyte hypertrophy. The hypertrophy cohort (6 cases of aortic valve
stenosis, 4 cases of alcoholic cardiomyopathy, 3 cases of idiopathic cardiomyopathy)
included patients with the median age of 67 of which 77% were males. The control
cohort (2 cases of liver cirrhosis, 1 case of metastatic pancreatic carcinoid, 1 case of
pulmonary embolism, 1 case of sepsis due to Streptococcus pneumoniae, and 1 case
of cholangiocarcinoma) included patients with the median age of 48 of which 50%
were males.

4.2 Experimental procedures

4.21 Plasmid DNA cloning (I, 1V)

Four different strategies of plasmid DNA cloning were utilized. One, point mutations
were introduced to the plasmids with site directed primers and PCR using Phusion
High-Fidelity DNA polymerase or KAPA HiFi DNA polymerase. Two, receptor
variants were produced with Gibson Assembly with synthetic gene blocks and
NEBuilder HiFi DNA Assembly Master Mix. Three, constructs were transferred to
pDest-eGFP-N1 vector backbone from the corresponding pPDONR223 vectors with
Gateway cloning with Gateway LR Clonase II Enzyme mix. Four, a pX330 neo
backbone and constructs were assembled from a neomycin cassette sequence
extracted by PCR or synthetic gene fragments and restriction enzyme cleaved
pX330-U6-Chimeric BB-CBh-hSpCas9 backbone with Bbsl or EcoRV restriction
enzymes and T4 DNA ligase. All cloning reagents were used according to the
manufacturer’s recommendations.

422 Plasmid DNA and siRNA transfection (I, II, 1V)

For plasmid DNA transfection of COS-7 and MCF-7 cells, Fugene 6 and Hilymax
were used. For plasmid DNA transfection of WM-266-4 cells, jetPRIME was
utilized. For siRNA transfection of MDA-MB-468 and HC11 cells, Lipofectamine
2000 was used and for siRNA transfection of MCF-7 cells, siLentFect was used. All
transfection reagents were used according to the manufacturer’s recommendations.
For silencing studies, the siRNAs were used at a 25-50 nM concentration for 2448
hours before analysis.

423 Retro- and lentivirus production and infection (1, II, 1V)

For lentivirus production, a third-generation lentiviral packaging system was utilized
(Dull et al., 1998). Lentiviral packaging vectors and the shRNA carrying vectors
were co-transfected into HEK293T cells. The media containing the viruses was
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collected from the transfected HEK293T cultures after 48 and 72 hours and sterile
filtered. Primary cultures and cell line cultures were infected with the collected
media with 8 ug/ml polybrene at a multiplicity of infection corresponding to 1 or 2.
To produce retroviral media for the transduction of stably expressing cell lines, the
indicated pBABE Puro plasmids were transfected to Phoenix Ampho packaging cell
line with Fugene 6. The media were collected at 24 hours and 48 hours after
transfection, sterile-filtered, and supplied to the target cells with 3 pg/ml polybrene.
The transduced cells were selected with 3 pg/ml puromycin.

4.2.4 CRISPR/Cas9 editing of zebrafish embryos (II)

For the generation of guide RNAs, 5 pul of 100 uM crispr RNAs (crRNA) and 100 pM
trans-activating crispr RNA (tracRNA) were combined. Duplexes were annealed in
a thermal cycle in 95°C for 5 minutes followed by incremental cooling down at
0.1°C/s to 25°C and 5-minute incubation at 25°C. Nuclease-free duplex reaction
buffer was added to adjust the final concentration to 25 pM. A microliter of the
duplex mixture was incubated with 1.25 ul of EnGen Cas9 NLS solution, 1.75 ul
H,O, and 1pl of phenol red solution for 5S5min at 37°C to create the
crRNA:tracRNA:Cas9 complexes. Nanoject II microinjector was used to inject
2.3 nl of the crRNA:tracRNA:Cas9 complex solution into 1-4 cell stage zebrafish
embryos.

4.2.5 Ligand stimulation and chemical and lectin inhibition

(, 1)

Recombinant RTK ligands were utilized to analyze the effect of ligand stimulation
on downstream signaling with western analysis and immunofluorescence, and on
cell survival and growth with live cell imaging. Recombinant NRG-1 was utilized to
study ErbB4-dependent cardiomyocyte and cardiac morphology and function with
imaging. AG1478, lapatinib, gefitinib or dynasore was utilized to analyze the effect
of ErbB RTK or dynamin-2 inhibition to cardiomyocyte signaling and
cardiomyocyte and cardiac morphology and function with real-time PCR, western
analysis, and imaging. TAPI-0 and GSI-IX were used to inhibit the proteolytic
cleavage of ErbB4. Lectins were used to block protein-glycan interactions to study
receptor downstream RTK signaling, location and cell survival with western analysis
and imaging.
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4.2.6 Cell and tissue lysis (I, II, IV)

Serum starved cells were treated with the indicated reagents and lysed in 0.1% Triton
X-100, 1 mM EDTA, 5mM NaF, 10 mM Tris-HCI, pH 7.4, and dissolved Pierce
Protease Inhibitor Mini Tablet. Affinity enrichment samples enriched with Ni-NTA
were lysed with 70 mM octyl-B-D-glucopyranoside, 25 mM Tris-HCI pH 7.5, 150
mM NaCl, Pierce protease and phosphatase inhibitor mini tablet. Cells intended for
proteomic or phosphoproteomic analysis with mass spectrometry were lysed
with 6 M guanidine hydrochloride, 100 mM Tris-HCl pH 8.5, 5mM Tris(2-
carboxyethyl)phosphine (TCEP), and 10 mM chloroacetamide. A middle portion of
the excised hearts of AAV injected mice were homogenized with bead beating in
RIPA buffer (1 mg/ml aprotinin, 1 mg/ml leupeptin, | M PMSF, 1 M NaF, 0.1 M
Na3zVOys, 0.5% Triton X-100, and 0.5% NP-40 in PBS, pH 7.4). Zebrafish embryos
were homogenized with an electronic pestle either to the lysis buffer of NucleoSpin
TriPrep kit or to 6x Laemmli buffer and incubated for 10 min in 100°C for western
analysis. Bradford and bicinchoninic acid (BCA) assays were used to measure
protein concentration.

4.2.7 Affinity enrichment (1, 1l, 1V)

Cell lysate was precleared with G-sepharose, streptavidin-sepharose or G-magnetic
beads that were cross-linked to normal IgG for 1 hour at +4°C under agitation. The
precleared cell lysate was incubated with the indicated primary antibodies and G-
sepharose, PHA-L lectin and streptavidin-sepharose, streptavidin-sepharose alone,
HisPur Ni-NTA magnetic beads, Pierce anti-c-Myc magnetic beads, or G-magnetic
beads cross-linked to the indicated primary antibodies for 3—24 hours at 4°C under
agitation. The precipitate was washed 7 times with 0.2% Tween 20 in PBS or 5 times
with TBS-T buffer (125 mM Tris, 750 mM NaCl, 0.25% Tween-20, pH 7.4). The
precipitates intended for mass spectrometry analysis were additionally washed twice
with PBS and once with MilliQ water or only once with MilliQ water. The proteins
were eluted from the beads either with 2x Laemmli buffer in 100°C for 5 minutes,
with 0.2M glycine or with 6 M guanidine hydrochloride, 5 mM tris(2-
carboxyethyl)phosphine, 10 mM chloroacetamide, and 100 mM Tris, pH 8.5 at 95°C
for 10 min. Pierce high-select TiO, phosphopeptide enrichment kit was utilized to
enrich desalted phosphopeptides.

428 Western analysis (I, Il, III, V)

Denatured protein samples were run on SDS-PAGE, transferred to nitrocellulose
membranes, and probed with the indicated antibodies. Two different strategies for
band detection were used. The membranes were either probed with infrared dye (IR)-
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conjugated or horse radish peroxidase (HRP)-conjugated secondary antibodies. The
membranes probed with IR-conjugated secondary antibodies were imaged with the
Odyssey CLx Imager. The membranes probed with HRP-conjugated secondary
antibodies were incubated for 5 minutes with Super-Signal West Pico
Chemiluminescent substrate or Femto Maximum Sensitivity Substrate and the signal
was captured with an X-ray film. The signal density was quantified with
ImageStudio Lite.

429 Chemical cross-linking (1, I, IV)

For interaction studies, 2 mM DSP or DTPB in 1xPBS was used for 2 or 10 minutes
to chemically cross-link proximal proteins in cells in culture plates. For interaction
studies analyzed with mass spectrometry, normal IgG and primary antibodies were
cross-linked to G-magnetic beads with 3 mM BS3 for 30 minutes under agitation.
The cross-linking reactions were quenched with 50 mM Tris-HCI pH 7.4 and
incubated in room temperature for 15 min.

4.2.10 Proximity ligation assay (I, Il)

The proximity ligation assays (PLA) of protein-protein associations were performed
with the Duolink or the Navinci system according to manufacturers’
recommendations. The primary antibodies were used at a 1:100 dilution. The PLA
signals were imaged with Zeiss LSM 780 or Zeiss LSM 880 confocal microscopes
with 40x Zeiss C-Apochromat or 40x Zeiss LD LCI Plan-Apochromat objectives.

4.2.11  Immunofluorescence (I, Il, IV)

Cells grown on coverslips were fixed and permeabilized with methanol at -20°C for
10-15 minutes or in 4% paraformaldehyde for 20 minutes following a 10-minute
incubation in 0.1% TritonX-100 in PBS. To block non-specific antibody binding, the
coverslips were incubated in 3% BSA in PBS for 30 minutes. The coverslips were
incubated with the indicated primary antibodies for 1.5-24 hours. Zebrafish embryos
were fixed and permeabilized with 4% PFA and 0.2% Triton X-100 in PBS for
30 minutes. To block non-specific antibody binding, the embryos were blocked with
3% BSA and 0.2% Tween 20 in PBS for 1 hour under gentle agitation. The embryos
were incubated with the indicated primary antibodies for 24 hours in 4°C under
gentle agitation. Ten um thick cryosections were cut from the cryoblocks, fixed with
acetone, and stored in -80°C. The sections were rehydrated in room temperature in
PBS for 30 minutes and the non-specific antibody binding was blocked with 3% BSA
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in PBS for 30 minutes. The sections were incubated with the indicated primary
antibodies for 3 hours.

Alexa-conjugated secondary antibodies were used to detect the primary
antibodies and DAPI (4',6-diamidino-2-phenylindole) and Alexa-555-conjugated
phalloidin to detect the nucleus and actin, respectively. Abberior STAR conjugated
secondary antibodies were additionally used to detect the primary antibodies in
super-resolution microscopy samples. Coverslips were incubated with secondary
antibodies, phalloidin and DAPI for 1 hour at room temperature and zebrafish
embryos 18 hours at 4°C under gentle agitation. Coverslips were washed four times
for 5 minutes with PBS and zebrafish embryos four times for 30 minutes with 0.2%
Triton-X in PBS under gentle agitation after primary and secondary antibody
incubation. Mowiol was used for the mounting of coverslips imaged with confocal
microscopy and ProLong Diamond Antifade Mountant for the mounting of super-
resolution microscopy samples.

The immunofluorescence samples were imaged with Zeiss LSM 780 or 880
confocal microscopes with the 40x Zeiss C-Apochromat and 63x Zeiss C-
Apochromat or the 40x Zeiss LD LCI Plan-Apochromat objectives. The super-
resolution microscopy samples were imaged with Abberior STED (stimulated
emission depletion) microscope with 100x Olympus UPLSAPO objective or
Deltavision OMX microscope with 60x SIM Olympus Plan Apo N objective.

4.2.12 Immunohistochemistry (I1)

Formalin-fixed paraffin embedded (FFPE) blocks were prepared from adherent cells.
The adherent cells were detached with trypsin-EDTA, washed twice with ice-cold
PBS and fixed with 10% neutral-buffered formalin in PBS for 20 minutes. The cells
were washed twice with PBS and moulded into 1.5% agarose in PBS. The agarose
pellets were transferred to 70% ethanol and embedded into paraffin blocks according
to the standard protocol of the Histology Core Facility of the Institute of
Biomedicine, University of Turku. The FFPE tissue blocks were sectioned with a
microtome to 5 pm sections onto microscope slides. The sections were
deparaffinized, rehydrated, and the antigen retrieval was performed in Tris-EDTA
pH 9.0 in a microwave oven for 7 minutes in 600 W and 7 minutes in 450 W.
Incubation with hydrogen peroxide and normal antibody diluent was used to inhibit
non-specific enzyme function and antibody binding. The sections were stained with
automated Labvision autostainer with 1:500 dilution of anti-pSTATS antibody for
60 minutes. The anti-pSTATS signal was detected with BrightVision Goat Anti-
Mouse/Rabbit IgG HRP two step detection system with a horseradish peroxidase
(HRP)-conjugated secondary antibody. Mayer’s hematoxylin was used for counter-
staining for 1 minute in room temperature and the coverslips were mounted on top
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of the sections with Pertex. Panoramic P1000 slide scanner was used to image the
sections.

4.2.13 Live cell and organ imaging (I, II, IV)

Cell death and survival of ligand stimulated, lectin treated, and siRNA treated and
transfected adherent cells was examined by live cell imaging with the IncuCyte
ZOOM system. The IncuCyte ZOOM software was utilized to determine the
confluence and the morphology of the cells in the acquired phase-contrast images.
The number of dying cells was determined by the distinct rounded morphology and
higher intensity of dead cells in phase-contrast images. Zeiss AxioZOOM.V16
microscope with 1.0x PlanApo Z objective with 80x magnification was used to
capture fast time lap videos of the hearts of anesthetized zebrafish embryos
embedded into low melting point agarose.

4.2.14 Cell adhesion assay (IV)

The cells were detached with 5 mM EDTA and plated onto fibronectin-coated
xCELLigence E-plates. The xCELLigence RTCA analyzer (Agilent) was utilized to
measure the cell impedance for 24 hours.

4.2.15 Genomic DNA and RNA extraction (Il, V)

For the extraction of RNA from primary cultures or tissue samples, TRIsure RNA
Isolation agent was used according to the manufacturer’s protocol. The tissue
samples were homogenized before RNA extraction. For the extraction of RNA from
cell line cultures, NucleoSpin RNA Plus kit was utilized. Genomic DNA and RNA
was extracted from zebrafish embryos with the NucleoSpin TriPrep kit according to
the manufacturer’s instructions.

4.2.16 PCR and genomic sequencing (ll)

Extracted total RNA was reverse transcribed to cDNA with Sensifast cDNA
Synthesis Kit according to the manufacturer’s protocol. Real-time RT-PCR reactions
were prepared by mixing primers, 5' 6-FAM-labeled probes and TagMan universal
Master Mix II and run with QuantStudio 12K Flex Real-Time PCR System. The
genomic DNA isolated from zebrafish embryos was amplified with nested PCR with
sequential PCR reactions utilizing outer and inner primers and the Taq polymerase
in a thermal cycler. The amplified genomic DNA regions were Sanger sequenced.
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4.2.17 Lipid and glycan overlay assay with synthetic peptides
(1)

Biotin-conjugated cyclic peptides corresponding to the eJM region of ErbB4 JM-a
and JM-b isoform were commercially synthesized. The peptides were desalted, and
the buffer exchanged to 0.1% formic acid with Empore Extraction disc C18
membrane (3 M) according to the manufacturer’s protocol. The peptides were
incubated with Membrane lipid assay membranes (Echelon Bioscience) in 3% BSA
in PBST and detected with IR-800 conjugated streptavidin and Odyssey CLx Imager.
The mammalian glycan array analysis was performed by the Consortium for
Functional Glycomics’ (CFG) Protein-Glycan Interaction Core (Boston, USA),
where the peptides were incubated with the glycan arrays reconstituted in 150 mM
NaCl and 1 mM CaCl; in 20 mM Tris-HCI (pH 7.4).

4.2.18 Mass spectrometry (I, II, 1V)

Affinity enrichment samples analysed with mass spectrometry where either run on
SDS-PAGE or directly processed. The SDS PAGE gels containing the affinity
enrichment samples were fixed in 25% isopropanol and 10% acetic acid mixture for
18 hours and stained with Coomassie or PageBlue stain. Each sample lane was
excised from the gel into 5 or 11 fractions. Each fraction was separately destained,
dried, alkylated and trypsin-digested at 37°C for 18 hours. The directly processed
affinity enrichment samples diluted with 0.2 M glycine were trypsin-digested at
37°C for 18 hours and methanol-chloroform precipitated. The guanidine
hydrochloride in the other directly processed affinity enrichment samples was
diluted to 2 M and the samples were trypsin digested in 37°C for 18 hours or Lys-C
digested for 1 hour at 37°C and trypsin digested for 18 hours in 37°C. The digestion
reaction was quenched with trifluoroacetic acid and the samples were desalted with
a tC18 SepPak 96-well plate. The digested peptides were dried with a vacuum
centrifuge. The dried samples were resuspended into 0.1% formic acid for mass
spectrometry analysis. The peptide samples were analysed either in Proteomics Core
Laboratory in the University of Tartu or in the Turku Proteomics Facility at Turku
Bioscience (University of Turku and Abo Akademi University). The peptide samples
were analysed with Easy-nLC 1200 liquid chromatography system, Easy-nLC 1200
liquid chromatography system or Easy-nLC 1000 system coupled to Thermo Fisher
Scientific LTQ Orbitrap XL, Orbitrap Q-Exactive HF instrument, Orbitrap Lumos
Fusion instrument or LTQ Orbitrap Velos Pro mass-spectrometer. Parallel reaction
monitoring (PRM) mass spectrometry samples were run on Easy-nLC 1200 liquid
chromatography system coupled to an Orbitrap Lumos Fusion instrument (Thermo
Fisher Scientific). Online PRM method designer Picky was used to select the cleaved
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peptides of Bl-integrin and a scheduled PRM method was used to simultaneously
target the peptides selected by Picky during the mass spectrometry run.

4.2.19 RNA sequencing (1V)

The quality check for the RNA was performed with Advanced Analytical Fragment
Analyzer. TruSeq Stranded mRNA HT Kit and 300 ng of RNA was used for library
preparation. Illumina TruSeq RNA UD Indices were used for indexing. Illumina
HiSeq3000 was utilized for paired-end (75 base pairs) sequencing. The quality-
check, library preparation and sequencing steps were carried out in the Turku
Bioscience Centre sequencing core (University of Turku and Abo Akademi).

4.3 Computational and statistical analyses
4.3.1 Data handling and analysis

4311 Mass-spectrometry data (1, I, IV)

The mass spectrometry spectra were searched against the proteome of the organism
of cell line origin with Metamorpheus (Solntsev et al., 2018) or MaxQuant (Cox and
Mann, 2008) for peptide and protein identification. The reference proteomes were
downloaded from Uniprot (Bateman et al., 2021). The peptide and protein
abundances were quantified with FlashLFQ (Millikin et al., 2018) or MaxQuant.
Skyline (MacLean et al., 2010) was used to analyze the data from the PRM-mass
spectrometry. Prosit (Gessulat et al., 2019) was utilized to predict the spectral library
for the PRM data analysis.

The LFQ intensities of the affinity enriched proteins were normalized to the sum
of the total LFQ intensity in one sample or sample fraction. To derive the sample-
wise total protein intensities, the protein-wise sample fraction protein LFQ
intensities were added. Additional median normalization was used to correct for
experiment-wise variation in individual protein abundance for statistical testing. The
statistical significance of protein enrichment in the affinity enriched samples was
estimated by fitting a probability distribution function with an Epanechnikov kernel
to the corresponding protein intensities in a control sample and drawing the P-value
for the intensities of the tested sample from the fitted cumulative density function.
The averaged P-values were FDR-corrected. The threshold for significant
enrichment was determined as pseudolog2 fold change above 0.585 against the
control and FDR-corrected P-value below or equal to 0.05. Experimentally derived
interactome data from PSICQUIC (del-Toro et al., 2013) and STRING (Szklarczyk
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et al., 2019) and subcellular location data from Compartments (Binder et al., 2014)
database were used to visualize the affinity enriched proteins into network modules.
The proteins identified in the PHA-L lectin pull-down that were not identified in the
control streptavidin beads only condition were considered significantly enriched.

4.3.1.2 RNA sequencing data (1V)

For the quality-check of the RNA sequencing reads, FastQC (Babraham
Bioinformatics) was utilized. For the quality and index trimming, PRINSEQ
(Schmieder and Edwards, 2011) and Trimmomatic (Bolger, Lohse and Usadel,
2014) were utilized. For the pseudoalignment of the reads to human transcriptome
Ensembl v96 (Yates et al., 2020), kallisto (Bray et al., 2016) was utilized. For the
removal of the experiment-wise batch effect, batchelor (Haghverdi et al., 2018) was
utilized. The transcripts per million (TPM) values were library size normalized. For
differential expression analysis, DeSeq2 (Love, Huber and Anders, 2014) was
utilized. Fold change above 1.5 and the FDR adjusted P-value equal or higher to 0.05
were used as a cut-off for significantly differentially expressed transcripts.

4313 Glycan array data (1)

The glycan array data was provided as relative fluorescence units (RFUs). Sample-
wise total RFU values were used to normalize the glycan array data. The threshold
for background signal was set on 50% for the percent coefficient of variation (CV%)
value and 50 for normalized RFU. Glycans with RFU values below and CV% values
above the threshold were excluded from the final dataset. The statistical significance
of the enrichment of a monosaccharide and its linkage in the glycans that associated
primarily with the JM-a peptide was calculated with two-tailed Mann-Whitney U-
test and the resulting P-value was Benjamini-Hochberg corrected. To calculate the
enrichment RFU values of monosaccharides and their linkages in the glycans that
associated primarily with the JM-a peptide were compared to the normalized values
of monosaccharides and their linkages in glycans that associated equally or primarily
with the JM-b peptide.

4314 Other data

Densitometric western analysis data, real-time RT-PCR data, colocalization data and
signal intensity data was either median normalized or normalized to the range to
account for experiment-wise variation in total values. The cell impedance index
values were normalized to the cell index values of the remaining cells after 24 hours
measurement. The published dataset on RTK interactomes (Salokas et al., 2022) was

63



Katri Vaparanta

transformed into binary data due to the significant number of missing values. The
enrichment in JM-a-like or JM-b-like RTK group was determined by at least 5-fold
representation in the group and FDR-corrected P-value cut-off of 0.05. The P-values
were determined through the binomial cumulative distribution function.

4.3.2 Statistical analyses (I, II, I, IV)

Statistical testing was performed with Matlab R2016a, R and GraphPad Prism. The
normality and equality of variance assumptions of the datasets were tested with
Shapiro—Wilkis, Kolmogorov—Smirnov, Bartlett's and Brown—Forsythe tests. For
datasets for which the normality and equality of variance assumptions were true,
one- or two-tailed T-test or one-way or two-way analysis of variance (ANOVA) tests
were utilized for comparisons between groups. Dunnet’s multicomparison test or
two-tailed T-test was utilized for post hoc ANOVA analyses. For datasets for which
the normality assumption, but not the equality of variance assumption was true, two-
tailed T-test with Welch's correction or Brown-Forsythe one-way ANOVA was
utilized. Dunnet’s multicomparison test was utilized for post hoc ANOVA analyses.
For datasets for which the normality assumption was false, two-tailed Mann-
Whitney U-test, Kruskal-Wallis one-way ANOVA or Mackskill two-way ANOVA
was utilized. Mann-Whitney U-test and Dunnet’s multicomparison test were used
for post hoc analyses. The multiple testing error was accounted with either
Benjamini, Krieger and Yekutieli, Benjamini-Hochberg or false discovery rate
(FDR) correction.

4.3.3 Image analysis (I, Il, IV)

The cololocalization of two fluorescent signals in images was quantified with the
algorithm of Villalta et al. (Villalta et al., 2011). As the output of the algorithm, 4
different measures of colocalization are reported: Pearson correlation, Manders
overlap, m1/m2, and k1/k2. Only one measure was visualized and the degree of
colocalization was confirmed with the other measures. The fluorescent signal
intensity in PLA images was quantified with Fiji (Schindelin et al., 2012) and
normalized to the number of nuclei. The amount of fluorescent PLA signals and the
number of nuclei were counted with the particle analyzer function of Fiji. The
location of the PLA signals relative to the cell edges was determined with SpatTrack
(Lund et al., 2014). The fluorescent signal intensity and the DAB signal intensity in
deconvoluted images were determined with Fiji. The 2-dimensional morphology of
imaged cells was determined with the MorphoLibJ (Legland, Arganda-Carreras and
Andrey, 2016) library in Fiji.
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43.4 Gene set enrichment and pathway analyses (1)

The gene set enrichment analysis on subcellular location of the interactome of ErbB4
JM-a and JM-b and JM-a-like and JM-b-like RTKs was performed with the Panther
overrepresentation test with Fisher’s Exact test. The annotations from the GO
cellular compartment v 10.5281 (Ashburner et al., 2000) were utilized. The statistical
significance of the overlap of the subcellular location annotations of ErbB4 JM-a and
JM-a-like RTKs and ErbB4 JM-b and JM-b-like RTKs was determined with the >
test. The statistical significance of the lack overlap between the enriched subcellular
location annotations of JM-a-like and JM-b-like RTKs was estimated with an
empirically determined probability distribution. The RTKs were repeatedly
randomized into two groups of the same size as the JM-a-like and JM-b-like RTK
groups and the subcellular location enrichment of the interactome partners of the
randomized groups were determined. The overlap of the enriched subcellular
locations of the randomized groups was calculated and a normal distribution was
fitted to the overlap values. The P-value was estimated from the cumulative normal
probability distribution.

Stochastic neighbourhood embedding (Hinton and Roweis, 2003) was utilized to
derive a one-dimensional representative value for each sample (n=8) and for each
pathway annotation (number of features included ranging from 5 to 207) from the
ErbB JM-isoform interactomes. Molecular Signatures Database v7.5.1 (Liberzon et
al., 2011) was used as the source for the pathway annotations and pathway
annotations that had less than 5 common genes with the interactome datasets were
excluded. The statistical significance of differential pathway representation in the
interactomes of ErbB4 JM-a and JM-b was determined with the Mann-Whitney U-
test.

4.3.5 Custom approaches

4.3.5.1 Dimensionality reduction and clustering of published datasets

{, 1)

The published transcriptome and interactome and proximity labelling datasets were
acquired from Gene Expression Omnibus (Edgar, Domrachev and Lash, 2002)
(identifiers: GSE36961, GSE1145, GSE14190, GSE12337, GSE56348, GSE5500)
or from the publication of Salokas et al. (Salokas et al., 2022), respectively. The
expression values of the genes involved in the NRG-1/ErbB4/STATS5b pathway in
the transcriptome datasets were subjected to principal component analysis with R in
Rstudio. The interactome and proximity labelling datasets were subjected to the
neighbourhood components analysis (NCA) with the dimensionality reduction
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toolbox of Matlab 2016a (Goldberger et al., 2005). The 2-dimensional clustering of
the samples from normal control and hypertrophic cardiomyopathy groups and JM-
a and JM-b like RTKs was examined. The relative sum of the Euclidian distances
within groups against the sum of Euclidian distances between groups was used as
the measure for the clustering. An empirical probability distribution was estimated
by repeated rounds of randomization to estimate the statistical significance of the
clustering. The JM-a and JM-b like RTKs were used as classification labels for the
NCA. To define the empirical probability distribution the classification labels were
randomized. Several initializations for the NCA were performed and the average
case was reported.

4.3.5.2  JM-motif analysis (I)

To derive the JM sequence motifs, several sequence models weighing the different
residues between residues 627-632 in ErbB4 JM-a and in ErbB4 JM-b sequences
were iterated on the eJM sequences of experimentally tested RTKs. A sliding
window analysis was developed to calculate the similarity score for each sequence
window in the eJM regions. The similarity scoring was based on the similarity of the
sequence window to the 627—632 residues in ErbB4 JM-a and JM-b isoform
sequence. The PAM250 matrix was used a source for the similarity scores. The
accuracy of the derived motif sequences was tested on their ability to accurately
categorize experimental data. The statistical significance of the categorization was
determined with the cumulative probability density function of a binomial
distribution. To assume equal probability for incorrect and correct categorization,
the parameter p of the binomial probability density function was set to 0.5.

4.3.5.3 Cleavage site prediction (IV)

To predict the cleavage sites for ADAMI12 and ADAMI17 in the extracellular
juxtamembrane region of TYRO3, a 0™ order Markov chain was used to determine
the probability of a cleavage site in a 10-residue long sequence window based on the
positional amino acid frequencies determined by two peptide screens (Caescu,
Jeschke and Turk, 2009; Tucher et al., 2014). The probability of no cleavage site was
determined from the same sequence windows with a 0™ order Markov chain and the
relative frequencies of amino acid residues in proteins. At least a twofold increase in
the probability of a cleavage site over no cleavage site was considered to indicate the
presence of a cleavage site. Residues 1-35 upstream the transmembrane domain
were considered in the analysis.
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4354 De novo multi-omics pathway analysis (DMPA) (1V)

4.3.5.4.1 The DMPA algorithm

The DMPA models single-omics data into network modules and combines the
modules into multi-omics pathways. The DMPA is based on two key principles: the
combination of two association measures, the correlation and stoichiometry scores
and neighbourhood maximization (Figure 1 in IV). The correlation score in DMPA
between the expression values of two features is calculated by the Spearman rank
correlation:

6 d?

p=1_n(n2—1)

where d is the difference between ranks of the expression values of two features in
each sample in n number of samples. The stoichiometry score, in turn, is determined
by the interquartile range of sample-wise variation in the relative expression values
of two features F in samples n:

if median(F1,,_,) > median(F2,,_,)

Q; . Fli Fl, F1,

stoichiometry score = 0, in F—21'F—22' 'F—Zn

if median(FZL_”n) > median(Fll,___,n)

Qs . F2, F2, F2,

stoichiometry score = 0, in F—11'F—12' 'F—ln

Qi and Qs denote the first and third quartile value in the sorted set of the relative
expression values. For sparse datasets a version of the stoichiometry score that
adjusts the stoichiometry score based on the pattern of missing values was created.
In the zero-inflated version of the DMPA the stoichiometry score is inflated when
the expression value from only one of the features is missing and deflated when the
expression values are missing for both features in the same sample. The correlation
and stoichiometry scores for all feature pairs are ranked by each feature and adjusted
to a linear scale between 1 and 0. The feature pair with the highest correlation score
and lowest stoichiometry score is assigned 1 as the correlation and stoichiometry
score. The ranked and adjusted correlation and stoichiometry scores are combined
with non-weighted multiplication to derive the combined score.

Two cut-off parameters C and S were designed to exclude feature pairs with low
combined scores from the analysis to reduce computational run time. The parameter
C defines how many feature pairs per feature should in minimum be considered for
each feature. The parameter S defines for how many features in the dataset feature
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pairs should be considered. A script that visualizes the distribution of the maximum
raw stoichiometry and correlation scores for each feature was created to guide in the
parameter S choice. The parameter C choice is only dependent on the size of the
dataset and should be adjusted from the default value 1 only if the examined dataset
has low dimensionality. After cut-off highest scoring three feature cliques are
searched for each feature in the dataset from the remaining combined scores of the
feature pairs. For all features i=1,...,n the sum of the combined scores C between
feature i and features j=1,...,n excluding i and features k=1,...,n excluding i and j is
maximized:

argmax Cj; + Cj, + Cy

The three feature cliques are combined and trimmed into larger and smaller modules
based on common features in three steps that can be partially controlled by parameter
choices. First all three feature cliques that share two common features are combined.
This step is reiterated until no modules with two common features remain. Second,
small modules with one common feature can be combined based on the user defined
setting for the parameter 7, that determines the combined size of the modules that
can be combined. Lastly, small modules created by the previous step can be
combined into larger modules based on the user defined setting for parameter 8, that
determines the combined size of the modules that can be combined based on only
one common feature. The last combination step is redundant if the second
combination step is not allowed. After each combination step the features that have
been combined into larger modules are removed from the remaining three feature
cliques. The DMPA allows for one feature to be included in more than one module.

The combination of the network modules into multi-omics pathways follows the
same pipeline than the initial network module inference from single omics data.
Instead of the expression values for each feature a median expression value of all
features in a module is used in the inference.

4.3.5.4.2 DMPA validation

The conservation of the stoichiometry, correlation and combined scores and the
ability for DMPA to discover previously reported associations was examined to
validate the DMPA. The conservation of the scores was determined by using DMPA
to create modules and multi-omics pathways from the first dataset and then
examining the median score for the feature pairs and the module pairs in the modules
and pathways in a second dataset. The previously reported associations were
acquired from STRING (Szklarczyk et al., 2019), PhosphoSitePlus (Hornbeck et al.,
2019), ChEA3 (Keenan et al., 2019), ENCODE (Abascal et al., 2020), ReMap
(Hammal et al., 2022), EWAS Atlas (Xiong et al., 2022), Rhea (Bansal et al., 2022)
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and PathwayCommons (Cerami et al., 2011) databases. The number of known
associations in all inferred network modules and multi-omics pathways was
quantified. Modules and multi-omics pathways of the same size were repeatedly
simulated by randomization to define an empirical probability distribution. The
number of known associations was quantified from the randomized modules and
pathways and a probability distribution function was fitted with an Epanechnikov
kernel to the values. A P-value for the DMPA derived modules and pathways and
the relative distance from the median of the probability distribution was determined
from the probability distribution. The published single- and multi-omics data used
in the validation were acquired from the publications of Batth et al. (Batth et al.,
2018) and Karayel et al. (Karayel et al., 2020), and from ArchS4 (Lachmann et al.,
2018), LinkedOmics (Vasaikar et al., 2018) and MetaboLights (Haug et al., 2020)
databases.

4.3.5.4.3 Data simulation for parameter S sensitivity analysis

To examine the sensitivity of DMPA to parameter S choice, normally distributed,
beta-distributed, and negative binomially distributed feature expression values were
simulated into modules as detailed in the Supplementary Materials and Methods in
IV. The true positive and false positive rate was quantified with different parameter
S values, different feature set sizes and with different number of features with no
module associations.

4.3.5.4.4 Benchmarking the DMPA

To benchmark DMPA, WGCNA (Langfelder and Horvath, 2008), the partial
correlation method LOPC (Zuo et al., 2014), GENIE3 (Huynh-Thu et al., 2010) and
the multi-omics integration method TransNet (Rodrigues, Shulzhenko and Morgun,
2018) were used to infer modules, networks, and connections between multi-omics
modules according to the developer’s instructions. Transcriptome data from ArchS4
and multi-omics data from LinkedOmics (Vasaikar et al., 2018) was utilized. To
compare DMPA against the network inference method LOPC, network edges were
assigned between the features in the modules by the remaining connections of the
original three feature cliques. The number of known associations in the modules,
networks and connected multi-omics modules were quantified and its statistical
significance estimated as described in the DMPA validation section 4.3.5.4.2.
Instead of number of known associations inside modules, number of known
associations connected by a network edge was quantified from the networks inferred
with LOPC and DMPA. The statistical significance of the multi-omics module
connections inferred with DMPA and TransNet was additionally estimated similarly
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to the statistical significance of multi-omics pathways, but instead of randomizing
the modules only the connections between the modules were repeatedly randomized
for the estimation of the empirical probability distribution. The runtime and the
fraction of the features included in the modules was also measured.

4.3.5.4.5 Prediction functions of DMPA

Upstream transcription factor and kinase prediction, subcellular location prediction
and function prediction modalities were developed for the transcriptome,
phosphoproteome and interactome modules and multi-omics pathways inferred with
the DMPA, respectively. The details of the created prediction methods are presented
in the Supplementary Materials and Methods section in IV.
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5 Results

5.1 A sequence motif in the eJM region determines
the cell surface location and downstream
signaling of receptor tyrosine kinases (I)

5.1.1 ErbB4 JM isoforms elicit differential signaling responses
and localize to different plasma membrane microdomains

The differences between the ErbB4 JM-isoforms were investigated to study the structure
function relationship of the eJM region of receptor tyrosine kinases. The ErbB4 JM-
isoforms were discovered to differentially activate and associate with STAT5a, STATSb
and STATS3 in several cell lines when assessed with immunofluorescence, proximity
ligation assay and western analysis (I, Fig. 2 and Supplementary Fig. Sa—d; Figure 10a—
b). Phosphorylation in the activating Y694 (in STAT5a)/ Y699 (in STATSb) residue or
Y705 (in STAT3) and nuclear localization were used as a measure for STAT activation.
ErbB4 JM-a was observed to primarily associate with STAT5a and ErbB4 JM-b with
STATSb and STATS3 (I, Fig. 2 and Supplementary Fig. 5a—d; Figure 10a-b). Since the
JM-a isoform has been discovered to be prone to the regulated intramembrane
proteolysis by ADAMI17 and y-secretase (Rio et al., 2000; Ni et al., 2001; Vidal et al.,
2005), the activation of STAT5s was examined with a cleavage resistant mutant V675A
of ErbB4 JM-a and with ADAMI17 and y-secretase inhibitor treatments and western
analysis (I, Supplementary Fig. 6¢-1). Blocking the cleavage of ErbB4 JM-a resulted in
increased ErbB4 mediated STAT5a activation and decreased STATS5b activation,
indicating that an unknown mechanism in the eJM region is controlling the STAT
subtype activation preference of ErbB4 JM-isoforms.

To examine the difference in the signaling of ErbB4 isoforms more
comprehensively, the interactome of ErbB4 JM-a and JM-b was analyzed with
affinity enrichment mass spectrometry. ErtbB4 JM-a and JM-b were discovered to
interact with vastly different signaling proteins that were associated with distinct cell
signaling pathways (I, Supplementary Fig. 2-3). The Janus-kinase TYK2 was
discovered to primarily associate with the JM-b isoform both in the affinity
enrichment samples analyzed with mass spectrometry and with western analysis (I,
Fig. lc-d and Supplementary Fig. 2). Treatments with siRNAs confirmed that the
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activation of STATS5D by the JM-b isoform was dependent on TYK?2, while no Janus
kinase was discovered to regulate the activation of STAT5a by ErbB4 JM-a in

western analyses (I, Fig. 1e—f; Figure 10c).

The subcellular location of ErbB4 JM-a and JM-b was additionally examined
with super resolution immunofluorescence microscopy (I, Fig.
Supplementary Fig. 1; Figure 10d—e). ErtbB4 JM-a and JM-b were discovered to
partially localize into different microdomains in the cell surface. The difference in
the cell surface localization of ErbB4 JM-isoforms remained even when the cleavage

resistant mutant of ErbB4 JM-a was examined.
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Results

51.2 The difference in the subcellular location and STAT
signaling responses of the ErbB4 JM-isoforms can be
tracked back to key residues in the eJM region of
ErbB4 JM-a

A structural analysis was conducted to identify the putative key residues 630 and
631 in the eJM region of ErbB4 JM-a and JM-b that could be the origin for the
observed differences of the JM-isoforms (I, Fig. 3a). Molecular dynamics
simulations revealed no significant conformational changes generated by the
structural differences in the JM-isoforms (I, Fig. 3b—c and Supplementary Fig. 8e).
The residues identified by the structural analysis in the JM-a isoforms were
mutated into the corresponding ones in the JM-b isoform and the ability for the
mutant to activate STATSs and localize with ErbB4 JM-isoforms was examined (I,
Fig. 3d—g; Figure 11). The ErbB4 JM-a S630I/H631E variant was discovered to
activate STATS5b over STATS5a and colocalize more with the JM-b isoform in the
cell surface compared to the JM-a isoform in western and super resolution
microscopy analyses (I, Fig. 3d—g; Figure 11). The H631E mutation alone was
discovered to be sufficient to disrupt the ability of ErbB4 JM-a to activate STAT5a
(I, Fig. 41) while mutation of the S630 along with other serines, threonines and
asparagines in the JM-a region had no effect on the activation of STAT5a in
western analyses (Supplementary Fig. 7a-b). The D632 residue was additionally
discovered as relevant for STATS5a activation although it is shared among the JM-
isoforms (I, Fig. 41).
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Figure 11. Mutational analysis on the key residues in ErbB JM-a that confer selective STATS
activation. a—b: Western analysis on the activation of STAT5s by the JM-a S630/H631
variant.
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51.3 A sequence motif in the eJM region of receptor
tyrosine kinases confers selective STAT activation and
subcellular location of RTKs

The STATS subtype activation preference of other ectopically expressed and
endogenous RTKs was examined to explore the frequency of selective STATS
activation among the RTKs. A clear preference for the activation of a specific
STATS subtype was discovered for almost all tested receptor tyrosine kinases (I, Fig.
4a—f, 5a-b). In the ErbB family of RTKs, the ErbB receptors that activated STATS5b,
activated also STAT3 and colocalized more with ErbB4 JM-b than JM-a (1, Fig. 4c—
d and Supplementary Fig. 9a-b). The ErbB receptors that activated STATS5a in turn
colocalized more with ErbB4 JM-a than JM-b in the cell surface (I, Fig. 4a-b and
Supplementary Fig. 9a-b).

To discover sequence motifs in the eJM regions of RTKs, different motif models
based on the critical residues in ErbB4 JM-a and JM-b were fitted to the eJM
sequences of RTKs. The capacity of the motif models to correctly categorize RTKs
based on the STATS subtype activation preference was examined (I, Supplementary
Dataset 5). The best scoring JM-a and JM-b motif models correctly categorized all
RTKs experimentally verified to selectively activate STATS subtypes (I, Fig. 4g—h;
Figure 12). The validity of the derived JM sequence motifs was examined by
substituting the critical residues in ErbB4 JM-a and JM-b with the alternative
residues suggested by the motifs. Point mutations designed to disrupt the motifs were
also tested. Substitution of the JM-a residue H631 into lysine, arginine, glutamine,
or asparagine or the D632 residue into glutamic acid, asparagine, glutamine, or
histidine retained the ability of ErbB4 JM-a to activate STATS5a at least to some
extent (I, Fig. 41). Only the substitutions H631E and D632L designed to break the
JM-a motif were able to disrupt the ability of ErbB4 JM-a to activate STATS5a (I,
Fig. 4i). None of the tested substitutions influenced the ability of ErbB4 JM-b to
activate STATS5D (I, Fig. 4j). These results indicate that the JM-a motif has an active
role in conferring the selective STATS subtype activation of RTKs and that the IM-
b motif is passive. This was further confirmed by statistical analysis that discovered
that only the JM-a motif is enriched in the eJM regions of RTKs (P=0.017).

The statistical significance of JM motif-based clustering of RTKs was examined
in published interactome datasets. The RTKs were observed to statistically
significantly cluster into groups based on the JM motif. This indicates that the
interactomes of RTKs are partially dependent on the JM motif in the eJM region (I,
Fig. 5d). JM motif-based interactomes of RTKs were defined and a significant
overlap was discovered on the enriched subcellular locations of the interactomes of
ErbB4 JM-a and other RTKs containing a JM-a motif and ErbB4 JM-b and other
RTKs containing a JM-b motif (I, Supplementary Fig. 11). This further suggests that
the subcellular location of RTKSs is partially determined by the JM motif.
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a JM-a sequence motif b JM-b sequence motif
G-X(2,3)-|[HRKQN]-[DEQNH] G-X(1,2)-{HRKQN}-[EDQ](1,2)-{HRKQN}
G-X(2,3)-|DEQNH]-[HRKQN]

RTK motif amino acids RTK motif amino acids

JM-a GPTSHD 627-632 JM-b GSSIED 627-632

EPHA10  GSRDQS 558-563 AXL GQAQPV 429-434

EPHA2 GSKVHE 518-523 EGFR GPGLEG 630-635

EPHAG6 GYSQKF 525-530 EPHA4 GDFSEP 522-527

EPHB3 GSGAQQ 547-552 EPHA7 GKMFEA 540-545

EPHB4 GQEHHS 519-524 EPHAS GRFSQA 521-526

ERBB2 GCPAEQ 641-646 FGFR4 GLSYQS 340-345

ERBB3 GPELQD 623-628 FLT3 GTSCET 521-526

FGFR1 GLSHHS 348-353 IGF1R GSWTDP 914-919

FGFR2 GREKEI 364-369 INSR GSWTEP 934-939

FGFR3 GFSHHS 346-351 IRR GPEEED 911-916

KIT GNNKEQ 510-515 MERTK GWVDYA 484-489

PDGFRA GAENRE 508-513 RON GAPLQV 928-933

PDGFRB GQDTQE 515-520 TYRO3 GPWSQP 403-408

ROS GISENI 1843-1848

TIE1l GPVQES 745-750

TRKA GDPVEK 405-410

VEGFR1 GTSDKS 750-755

VEGFR2 GAQEKT 756-761

Figure 12. The eJM sequence motifs identified by selective STAT5 activation by RTKs. In color the
RTKs that were experimentally verified to preferentially activate STAT5a (red) or
STAT5b (blue) are indicated.

5.1.4 The JM-a motif binds complex-type N-glycans in cell
surface proteins such as p1-integrin

To screen for a mechanism for the selective STAT activation conferred by the JM-a
motifin RTKSs, the interaction of the eJM region of ErbB4 JM-a and JM-b with lipids
and glycans was examined. Synthetic peptides corresponding to the residues 621—
633 in ErbB4 JM-a and JM-b were incubated with a lipid overlay assay and the
mammalian glycan array (I, Supplementary Fig. 12a). The JM-a peptide was
discovered to bind glycans with a greater affinity than the JM-b peptide (I, Fig. 6a
and Supplementary Fig. 13). Complex-type N-glycans with a [1,6-branch were
especially enriched among the glycans that bound the JM-a peptide with greater
affinity (P=0.023). No differential binding to lipids was discovered for the JM-a
and JM-b peptide (I, Supplementary Fig. 12b—c). A lectin screen was conducted to
identify the glycan structures involved in ErbB4 JM-a mediated STAT5a activation.
The DSL, STL and PHA-L lectins were discovered to significantly affect the ErbB4
JM-a mediated STAT5a activation (I, Fig. 6¢; Figure 13a), but not the ErbB4 JM-b
mediated STATSDb activation (I, Fig. 6d). DSL and STL bind the 1,4-branch and
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PHA-L the B1,6-branch of complex-type N-glycans (I, Fig. 6b; Figure 13b). DSL
and STL also reduced the RTK-mediated activation of STATS subtypes by the ErbB
receptors containing the JM-a motif but not by those containing the JM-b motif (I,
Supplementary Fig. 14a—). Since the survival of cells stimulated with the ligands of
RTKSs with a JM-a motif was discovered to be STATSa dependent (I, Fig. 5c), the
effect of the DSL, STL and PHA-L lectin treatment on the survival of cells
stimulated with ligands of RTKs containing a JM-a or JM-b motif was examined.
DSL, STL and PHA-L lectin treatment significantly reduced the survival of the cells
stimulated with the ligands binding RTKs containing a JM-a motif, but not the cells
stimulated with ligands binding RTKs containing a JM-b motif (I, Fig. 6e—f and

Supplementary Fig. 14d—f).
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L lectin was carried out in three separate cell lines and analyzed with mass
spectrometry. Betal-integrin was identified as one of the N-glycosylated cell surface
proteins in all three cell lines where selective STATS activation by ErbB4 JM-
isoforms occurs (I, Fig. 2c—d, 6g). In concordance, ErbB4 JM-a was discovered to
interact with and colocalize more with f1-integrin than ErbB4 JM-b in affinity
enrichment and immunofluorescence samples analyzed with PRM mass
spectrometry and super resolution microscopy (I, Supplementary Fig. 15). The effect
of DSL, STL and PHA-L lectin treatment and the H631E point mutation in ErbB4
JM-a on the association and colocalization between ErbB4 JM-a and B1-integrin was
examined with proximity ligation assay and immunofluorescence (I, Fig. 6h—k;
Figure 13c-d). The DSL, STL and PHA-L lectin treatments and the H631E point
mutation disrupted the association and colocalization of ErbB4 JM-a with
Bl-integrin (I, Fig. 6h—k; Figure 13c—d). This indicates that the association between
ErbB4 JM-a and B 1-integrin is both dependent on the N-glycosylation of B1-integrin
and on the JM-a motif.

5.2 STATSb mediates growth responses of the
NRG-1/ErbB4 pathway in cardiomyocytes (Il)

5.21 STATSD signaling mediates NRG-1/ErbB4 induced
hypertrophic growth in vivo and in vitro in murine
cardiomyocytes

The physiological role of the differential STATS5 signaling arising from the structural
diversity of the eJM region of ErbB4 was explored. ErbB4 JM-a induced STATS5a
activation has been discovered to control mammary gland development and the
expression of lactation genes (Jones et al., 1999; Long et al., 2003; Tidcombe et al.,
2003). The physiological role of ErbB4 JM-b-induced STATS5Db activation, however,
has not been described. Since the ErbB4 JM-b isoforms are specifically expressed in
the myocardium (Elenius et al., 1997a) and the NRG-1 and ErbB4 signaling has been
discovered to control the development, growth, and regeneration of the myocardium
(Odiete, Hill and Sawyer, 2012; De Keulenaer et al., 2019), the role of STATSb in
the NRG-1/ErbB4-induced growth processes in the myocardium was explored. First,
an AAV vector construct encoding the extracellular domain of ErbB4 combined to
a mouse Fc region of immunoglobulin y (mErbB4-Fc) was generated to serve as a
ligand trap for ErbB4 ligands. Mice were infected with either the AAVs encoding
the mErbB4ECD-Fc (ErbB4ECD-AAV) or AAVs encoding a scrambled control
vector (control AAV) and the nuclear localization of STAT5b and the expression of
established STATSb target genes were examined in the hearts of mice with
immunofluorescence and real-time RT PCR (Il, Fig. 1A-E; Figure 14C-D). The
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degree of nuclear localization was used as a measure of STATSb activation. The
ErbB4ECD-AAV treatment significantly reduced the nuclear localization of
STATSD and the transcription of STAT5b target genes (I, Fig. 1C-E). Since the size
of the cardiomyocytes was reduced in the mice injected with AAVs encoding the
ErbB4ECD construct, the ErbB4ECD-AAYV treatment was also concluded to reduce
hypertrophic cardiomyocyte growth (II, Fig. 1A-B; Figure 14A-B). The
ErbB4ECD-AAYV treatment also significantly reduced the heart weight of the mice
(II1, Supplemental Fig. 10C-D).
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Figure 14. NRG-1/ErbB4/STAT5b signaling regulates cardiomyocyte hypertrophy in postnatal
mice. A-B: Cardiomyocyte size was assessed with immunofluorescence from heart
sections of control AAV and ERBB4ECD-AAV treated mice. Scale bar 20pm. C-D:
Nuclear STAT5b signal was examined with immunofluorescence from heart sections of
control AAV and ERBB4ECD-AAYV treated mice. Scale bar 10um. E-F: Cardiomyocyte
size was assessed with immunofluorescence from NRG-1 treated or untreated and
control or Statsb shRNA treated isolated neonatal cardiomyocytes. Scale bar 20um.
DAPI: 4',6-Diamidino-2-phenylindole dihydrochloride. AAV: adeno-associated virus.
ERBB4ECD-AAV: an AAV vector construct encoding the extracellular domain of ErbB4
combined to a mouse Fc region of immunoglobulin y.
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Next, the effect of STATSb and ErbB4 shRNA treatments on cardiomyocyte
growth were explored in isolated cardiomyocytes. STATS5b shRNA treatments were
discovered to reduce NRG-1-induced hypertrophic growth in isolated
cardiomyocytes when assessed with immunofluorescence (I, Fig. 1F-G; Figure
14E-F). ErbB4 shRNA treatment in turn was discovered to reduce both the nuclear
localization of STAT5b and the size of isolated cardiomyocytes (II, Fig. 1H-I). The
treatment with both STATS5b and ErbB4 shRNAs was additionally observed to
reduce the transcription of STATSb target genes Igf-1, Myc and Cdknla when
assessed with real-time RT-PCR (11, Fig. 1J).

522 STAT5b controls hyperplastic growth of the
myocardium of zebrafish embryos and the activation
of STATS in embryonic zebrafish is controlled by the
NRG-1/ErbB pathway

In addition to hypertrophic growth NRG-1 is known to induce hyperplastic growth
in embryonic cardiomyocytes (Zhao et al., 1998). The role of STATS5b in NRG-
1/ErbB4 induced hyperplastic myocardium growth was explored in embryonic
zebrafish. Pericardial injection of recombinant NRG-1 was observed to induce the
activation of STATS5 and ventricular growth in embryonic zebrafish in western and
immunofluorescence analyses (I, Fig. 3A-D, G-H; Figure 15A-B). The
hyperplastic nature of the NRG-1 injection induced growth was confirmed by
estimating the number of cardiomyocytes per ventricle area (II, Fig. 3A-B).
Treatment with the ErbB inhibitors AG1478 and lapatinib reduced ventricular
myocardial growth when embryonic zebrafish were assessed with live imaging (11,
Fig. 4A-B; Figure 15C). Treatment with AG1478 and lapatinib also reduced Stat5
activation in western analyses (I, Fig. 4C-D, Figure 15D). Treatment with the ErbB
inhibitor gefitinib in turn reduced the activation of Erk but did not significantly alter
myocardial growth (II, Fig. 4A-D). None of the ErbB inhibitor treatments reduced
the activation of Akt (I, Fig. 4C-D).

The stat5b gene of embryonic zebrafish was disrupted with CRISPR/Cas9
system resulting in the downregulation of Stat5b transcript and protein in the
embryos when assessed with real time RT-PCR and immunofluorescence (II, Fig.
5A-B and EV3B). The CRISPR/Cas9 mediated knock-down of stat5b led to reduced
ventricular growth assessed by immunofluorescence analysis and ventricular
dysfunction as indicated by the reduced ejection fraction measured from the videos
produced by live imaging (II, Fig. 5; Figure 16).
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Figure 15. NRG-1/ErbB signaling regulates myocardial growth and Stat5 activation in embryonic
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zebrafish. A: Ventricle size of 4dpf zebrafish injected at 2 dpf with recombinant human
NRG-1 or control substance to the pericardial sac was assessed with
immunofluorescence. Scale bar 20 ym. B: Activation of Stat5 was assessed with
western analysis from 4 dpf zebrafish embryos injected with recombinant human NRG-
1 or control substance to the pericardial sac. The embryos were lysed after 20 minutes.
C: The ventricle size was assessed with phase contrast imaging from 4dpf zebrafish
embryos treated with DMSO or the ErbB inhibitors AG1478, lapatinib and gefitinib for 2
days. Scale bar 50um. D: Activation of Stat5 was assessed with western analysis from
4 dpf zebrafish embryos treated with DMSO or the ErbB inhibitors AG1478, lapatinib
and gefitinib for 1 hour. Dpf: days post fertilization. AG1478: ErbB1/2/4 inhibitor.
Gefitinib: ErbB1 inhibitor. Lapatinib: ErbB1/2 inhibitor.
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Figure 16. CRISPR/Cas9 mediated knock-down of Stat5b in zebrafish embryos results in reduced
myocardial growth and ejection fraction. A: The ventricle size was assessed with
immunofluorescence from control and Stat5b gRNA and CRISPR/Cas9 injected
zebrafish embryos at 4 dpf. The injections were performed at one-cell stage. Scale bar
50um. B: The ejection fraction of the zebrafish embryos treated as in A was assessed
with live phase-contrast imaging. Dpf: days post fertilization.

5.2.3 Dynamin-2 controls the subcellular location of ErbB4
and STAT5b signaling in cardiomyocytes

Dynamin-2 was discovered as one of the interaction partners of ErbB4 with affinity
enrichment mass spectrometry (I, Fig. EV2A). Since Dynamin-2 was additionally
observed to preferentially associate with the ErbB4 JM-b isoform over the JM-a
isoform in proximity ligation assays (II, Fig. EV2B-C), the role of Dynamin-2 in
ErbB4 JM-b mediated STATSDb signaling was examined. Dynamin-2 is a GTPase
that has been reported to regulate membrane fission in vesicle trafficking (Laiman,
Lin and Liu, 2023). Inhibition of Dynamin-2 with dynasore was observed to reduce
the plasma membrane location of both ErbB4 JM-isoforms when assessed with
immunofluorescence (II, Fig. EV2E-F). The ErbB4 JM-b mediated activation of
STATS5b and the interaction between ErbB4 JM-b and STATSb was also observed
to be Dynamin-2 dependent with the Dynamin inhibitor dynasore, Dynamin-2
siRNA treatments and western analysis (II, Fig. EV2G-I).

The role of Dynamin-2 in ErbB4 and STATS5b signaling in cardiomyocytes was
determined. First, proximity ligation assay and the Dynamin inhibitor dynasore was
utilized to observe whether Erbb4 and Dynamin-2 associate in isolated
cardiomyocytes and whether the association is dependent on the GTPase activity of
Dynamin-2 (I, Fig. 2A-B). ErbB4 and Dynamin-2 were discovered to associate in
cardiomyocytes, but similar number of ErbB4/Dynamin-2 associations were
observed in Dynamin inhibitor and control treated cardiomyocytes (II, Fig. 2A-D).
The Dynamin inhibitor treatment, however, reduced the number of ErbB4 and
Dynamin-2 associations in the cell surface (II, Fig. 2A-D).
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Next, the nuclear localization of Stat5b, the transcription of Stat5b target genes
and the cardiomyocyte size was assessed in Dynamin inhibitor dynasore treated and
NRG-1 stimulated cardiomyocytes with immunofluorescence and real-time RT PCR
(I, Fig. 2E-I). Inhibition of Dynamin-2 reduced both the nuclear localization of
Stat5b and cardiomyocyte size (I, Fig. 2E-F, H-I; Figure 17A-B). The NRG-1
induced transcription of Stat5b target genes was similarly downregulated by both
Dynamin-2 and ErbB receptor inhibition (IL, Fig. 2G). Finally, the effect of Dynamin
inhibition on the hyperplastic myocardial growth and Stat5 activation in zebrafish
embryos was assessed with immunofluorescence and western analysis (II, Fig. 4E—
J). Dynamin-2 inhibition reduced the myocardial growth and the Stat5 activation in
embryonic zebrafish (II, Fig. 4E-F, -], Figure 17C).
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Figure 17. Dynamin-2 regulates myocardial growth and NRG-1/ErbB4 mediated activation of
Statdb in isolated cardiomyocytes and embryonic zebrafish. A-B: The nuclear
accumulation of STAT5b was assessed in DMSO or Dynamin inhibitor dynasore treated
isolated neonatal cardiomyocytes with immunofluorescence. Scale bar 20 ym. C: The
ventricle size of embryonic zebrafish treated with DMSO or the Dynamin inhibitor
dynasore for 2 days was assessed with immunofluorescence at 4 dpf. Scale bar 50 ym.
Dpf: days post fertilization.

524 STAT5Db signaling is perturbed in patients with
pathological cardiac hypertrophy

The clustering of clinical samples from control and pathological hypertrophic
myocardium based on the dimensionality reduced expression values of the genes in
the discovered NRG-1/ErbB4/STATS5b pathway (including genes NRG-1, ERBB4,
STAT5B, IGF-1, MYC, DNM?2) was examined (II, Fig. 6A and EV4A). Clinical
samples representing hypertrophic cardiomyopathy were statistically significantly
clustered into a separate group from the normal controls in three separate
independent published datasets (I, Fig. 6A and EV4A). The clustering into distinct
groups indicates that the expression of the genes in the NRG-1/ErbB4/STATS5b
pathway are divergent enough to separate hypertrophic and normal myocardium. The
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clustering of samples from the myocardium of mice that have undergone transverse
aortic constriction or sham surgery was similarly analyzed to observe whether
similar group definition can be discovered in samples representing normal
myocardium and pressure overload induced cardiac hypertrophy (I, Fig. 6B and
EV4C). Statistically significant clustering into distinct groups representing normal
myocardium and pressure overload induced hypertrophy was observed in three
independent published datasets (II, Fig. 6B and EV4C).

To examine the activation of STATSb in pathological hypertrophy, cardiac
samples from patients suffering from pathological hypertrophy or noncardiac
diseases were examined with immunohistochemistry (II, Fig. 6C and EV4E; Figure
18). The nuclear staining intensity for activated STATS5 was discovered to be
significantly more intense in hypertrophic myocardium independent on the etiology
of the hypertrophy (I, Fig. 6C).
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Figure 18. The staining intensity for activated STAT5 is higher in the heart sections of patients
suffering from pathological hypertrophy compared to control subjects. A-B: The level of
activated STATS in the nucleus of cardiomyocytes in heart sections of patients suffering
from pathological hypertrophy or control subjects was assessed with
immunohistochemistry. Scale bar 50 pm.

5.3 VEGF-B activates ErbB growth signaling in the
heart (lll)

Angiogenic factors such as VEGF-B can induce myocardial growth (Tirziu et al.,
2007b; Karpanen et al., 2008; Jaba et al., 2013). The signaling mechanisms behind
the angiogenic factor induced myocardial growth, however, have not been
elucidated. Since ErbB signaling has been identified as a key regulator of myocardial
growth (Odiete, Hill and Sawyer, 2012; De Keulenaer et al., 2019), the ability of the
angiogenic factor VEGF-B to induce ErbB signaling in the heart was assessed.
Adeno associated virus (AAV) vector constructs encoding the murine long isoform
of VEGF-B (mVEGF-B186), the murine extracellular domain of ErbB4 fused to a
Fc region of murine IgG (mErbB4ECD-mFc) and a scrambled control vector
(control) were utilized. The AAVs encoding the mVEGF-B186 construct (AAV-
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mVEGF-B186) were injected to adult mice in combination with the AAVs encoding
the mErbB4ECD-mFc (AAV-mErbB4ECD-mFc) and control (AAV-control)
constructs to observe whether the VEGF-B-mediated responses in the myocardium
are disrupted by the mErbB4ECD-mFc ligand trap. The AAV-mVEGF-B186
treatment induced the phosphorylation of both ErbB1 and ErbB4 and increased the
expression of the ErbB ligand HB-EGF in the hearts of the AAV-mVEGF-B186
treated mice in western analyses (III, Fig. 6A-B, D-G). The VEGF-B-induced
phosphorylation of ErbB1 and ErbB4 was disrupted by the AAV-mErbB4ECD-mFc¢
treatment (III, Fig. 6A, D-E; Figure 19). The AAV-mErbB4ECD-mFc treatment
significantly reduced the heart weight of AAV-Control treated but had a limited
effect in the hearts of AAV-mVEGF-B186 treated mice (111, Supplemental Fig. 10C-
D). The limited effect in AAV-mVEGF-B186 treated mice might be due to the
activation of several myocardial pathways by the AAV-mVEGF-B186 treatment.
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Figure 19. AAV-mediated expression of VEGF-B increases the activation of EGFR and ErbB4 in
the heart. The activation of EGFR and ErbB4 was assessed with western analysis from
the hearts of control AAV-treated (-), AAV-mVEGF-B186 (mB186) and AAV-
mErbB4ECD-mFc (ErbB4ECP) treated mice.

54 De novo multi-omics analysis (DMPA) models
multi-omics data into regulatory modules and
cell signaling pathways without the use of prior
information %IV)

541 The association score of DMPA, the combined score,
is conserved across datasets

Although the recent development of omics technologies has allowed for more
comprehensive measurement of the signaling pathways of RTKs and other signaling
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molecules, the tools to discover new signaling pathways and connections from multi-
omics are currently inadequate. To aid in the future research of the diversity of RTK
signaling a computational approach to infer cell signaling modules and pathways
from multi-omics data was developed. To overcome the inherited bias from prior
information, a data driven de novo approach was designed. The details of the
developed approach can be found in section 4.3.5.4.1. In short, the de novo multi-
omics pathway analysis (DMPA) models multi-omics data into network modules and
combines them into pathways based on two association measures, the correlation and
stoichiometry score that are combined to derive the combined score (IV, Fig. 1A).
In the next step of the algorithm the features are assigned into modules and pathways
based on common neighbors in highest scoring three feature cliques (IV, Fig. 1B-C).
To validate the DMPA, the conservation of the association measures across datasets
and the ability of DMPA to discover published associations were estimated. The
conservation of the correlation score, stoichiometry score and the combined score in
mass spectrometry derived interactome, phosphoproteome, metabolomics and
protein acetylation data, RNA-seq derived transcriptome data and microarray-
derived epigenetics data was assessed (IV, Fig. 2A and Supplementary Fig. 3A). A
score above 0.5, the expected median score to be acquired by randomization due to
ranking and adjustment steps of the association measures in DMPA, indicated
conservation. The combined score was the only score that was significantly
conserved in all tested omics datatypes (IV, Fig. 2A and Supplementary Fig. 3A).
The stoichiometry score was conserved in interactome, phosphoproteome,
metabolomics, epigenetics, and protein acetylation data while the correlation score
was only conserved in protein acetylation data (IV, Fig. 2A and Supplementary Fig.
3A). The conservation of the association scores across datasets was also investigated
in the multi-omics pathways inferred with DMPA (IV, Fig. 3A). The combined score
was the only association score that was conserved both within and between the
inferred multi-omics regulatory modules in the pathways inferred with the DMPA
(IV, Fig. 3A).

54.2 DMPA uncovers known associations connected by a
common upstream regulator

The ability of DMPA to recapitulate known associations in the network modules and
multi-omics pathways and their statistical significance was assessed as described in
section 4.3.5.4.2. The DMPA was run separately with settings where either the
correlation score, stoichiometry score or the combined score was used as an
association measure. The DMPA run with the combined score was able to
consistently rediscover known protein-protein interactions, co-regulated transcripts
and co-phosphorylated residues in interactome, phosphoproteome and transcriptome
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data (IV, Fig. 2B-E and Supplementary Fig. 2-3). While DMPA run with the
correlation and stoichiometry score were also able to discover reported associations,
the performance of these variations of DMPA were highly variable based on the
dataset and the omics data type (IV, Fig. 2B-E and Supplementary Fig. 2-3). The
DMPA run with the combined score was also able to discover methylation sites
associated with the same trait and metabolites involved in the same metabolic
reaction in methylation and metabolomics data (IV, Supplementary Fig. 3B).

Cell signaling pathway discovery by DMPA was examined from multi-omics
datasets. The DMPA was run with settings where the association measure for
network module inference and network module combination were separately set as
either the correlation, stoichiometry, or combined score (IV, Fig. 3B—C). The version
of DMPA where the association measure for both regulatory module and pathway
combination was set as combined score was the most consistent performer and the
only DMPA version that was able to reach statistically significant models with all
tested multi-omics datasets (IV, Fig. 3B-C).

54.3 The ranking and adjustment of association scores and
three feature clique discovery increase the accuracy of
DMPA

To test whether the design decisions of DMPA affect the accuracy of DMPA to
discover known associations, the DMPA was run with unadjusted association scores
and with a linear regulatory module combination approach. The ability of DMPA to
discover known associations in the regulatory modules and their statistical
significance with these settings was assessed as described in section 4.3.5.4.2. Since
the P-values approached zero, the relative distance from the median value of the
probability densities derived from repeated rounds of randomization was used as an
accuracy measure. The ranking and adjustment of the association measures
(combination, ranked) increased the accuracy of DMPA with interactome and
transcriptome data compared to the combined score derived from unadjusted
association measures (combination, raw) (IV, Supplementary Fig. 4A). In contrast,
the ranking and adjustment step did not increase the accuracy significantly compared
to the unadjusted association measures with phosphoproteome data (IV,
Supplementary Fig. 4A). The ranking and adjustment step, however, did shift the
median significantly away from the median of the probability distribution indicating
that the step also moderately increased the accuracy of DMPA with
phosphoproteome data (Wilcoxon signed rank test, P = 0.0039 for combination,
ranked and P = 0.6875 for combination, raw). The three-feature clique maximization
approach increased the accuracy of DMPA with interactome and phosphoproteome
data compared to the linear combination approach (IV, Supplementary Fig. 4B). The
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feature clique maximization approach did not, however, have a significant effect on
the accuracy of DMPA with transcriptome data (IV, Supplementary Fig. 4B).

54.4 The accuracy of DMPA is sensitive to the zero-
inflation and S parameters

The sensitivity of DMPA to parameter choice was assessed. First, the effect
of the settings for the size parameters 7 and 8 described in section 4.3.5.4.1 and
in the DMPA  documentation available in  Mendeley data
(https://data.mendeley.com/datasets/m3zggn6xx9/draft?a=71c29dac-714e-497e-
8109-5c324ac43ac3) to the regulatory modules inferred from published
transcriptome data was examined (IV, Supplementary Fig. 5). The size parameters
significantly affected the number of modules, the size of the modules and the number
of transcripts included in the final modules, but had no significant effect on the
accuracy of DMPA (IV, Supplementary Fig. 5).

Next, the effect of the parameter S choice was examined both with published and
simulated data. The parameter S choice significantly affected the run time and the
number of transcripts included in the final modules, but had no significant effect on
the accuracy of DMPA with the published transcriptome data (IV, Supplementary
Fig. 6). The true positive and false positive rate was assessed from simulated
modules with normally, beta and negative binomially distributed feature values (IV,
Supplementary Fig. 7-9). Different feature set sizes and variable number of non-
associated features were explored (IV, Supplementary Fig. 7-9). Low parameter S
values sensitized DMPA to false positives and high values to the loss of true
positives. An optimal parameter S value range, however, was discovered (colored
regions in IV, Supplementary Fig. 7-9) and a script to guide the parameter S choice
was developed (IV, Supplementary Fig. 10). It is of note that the false positives
always arose from the pool of non-associated features the number of which is
expected to be low in real omics datasets. The effect of the parameter C was also
examined and it was discovered that the parameter C should be only set based on the
number of features (3 for 30-300 features in the dataset; 1 for 300< features in the
dataset).

Finally, the effect of parameter that commands the zero-inflated setting of
DMPA was tested with both published zero-inflated interactome data (over 30% of
missing values) and non-zero-inflated transcriptome data (less than 25% of missing
values). The accuracy of DMPA was discovered to be sensitive to the zero-inflation
parameter (IV, Supplementary Fig. 11). The zero-inflated version of DMPA
performed significantly better with the zero-inflated interactome data and the non-
zero-inflated version with the non-zero-inflated transcriptome data (IV,
Supplementary Fig. 11).
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545 DMPA outperforms benchmark methods

DMPA was benchmarked against relevant module and network discovery and multi-
omics analysis methods. The ability of WGCNA (Langfelder and Horvath, 2008),
GENIE3 (Huynh-Thu et al., 2010) and LOPC (Zuo et al., 2014) to discover known
associations from published transcriptome data was assessed as described in section
4.3.5.4.4. The run time and the fraction of transcripts included in the final modules
or network was additionally measured. DMPA was the most consistent performer
across datasets and the best performer in 6 out of 10 datasets (IV, Fig. 4A-B).
WGCNA outperformed DMPA and GENIE3 in two datasets and GENIE3
outperformed DMPA and WGCNA in two datasets (IV, Fig. 4A). LOPC
outperformed DMPA with only one dataset (IV, Fig. 4B). The most marked
difference between DMPA and other module and network methods was discovered
with datasets with low sample sizes (IV, Fig. 4C). DMPA only required 6 samples
to discover known associations in contrast to the 30 required by the other methods
(IV, Fig. 4C). LOPC was unable to run the datasets with low sample sizes due to the
high-dimensionality problem (Ledoit and Wolf, 2004) (NA in IV, Fig. 4B).

DMPA was benchmarked against the closest analogue multi-omics integration
method called TransNet (Rodrigues, Shulzhenko and Morgun, 2018). Since the aim
of TransNet is to discover causal links between multi-omics modules and not multi-
omics pathways, two different benchmark strategies were used as described in
section 4.3.5.4.4. While TransNet was able to discover known connections between
multi-omics modules (connections randomized in IV, Fig. 4D), DMPA
outperformed TransNet in both multi-omics connection and pathway discovery (IV,
Fig. 4D).

54.6 DMPA of an in-house multi-omics dataset of the
signaling of the cleaved intracellular domain of the
receptor tyrosine kinase TYRO3

An in-house multi-omics dataset of the signaling of the y-secretase cleaved
intracellular domain (ICD) of the RTK TYRO3 was acquired. Cleavage-resistant
AGS and AADAM variants of the TYRO3 were cloned and expressed with the wild-
type receptor in WM-266-4 melanoma cells where the endogenous TYRO3 had been
knocked-down by lentiviral shRNA constructs (Supplementary Fig. 12A). The AGS
variant has been described before (Merilahti et al., 2017), but the mutated cleavage
sites for ADAMI12 and ADAMI17 in the AADAM variant were predicted as
described in section 4.3.5.3. The functionality of the TYRO3 variants were
confirmed with western and immunofluorescence analyses (IV, Supplementary Fig.
12B-E). Mass-spectrometry-derived TYRO3 interactome, phosphoproteome and
total proteome and RNA-sequencing derived-transcriptome was acquired from the
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cells expressing either one of the TYRO3 variants or a control construct (IV,
Supplementary Fig. 12F). The interactome, phosphoproteome, total proteome and
transcriptome associated with either full-length or the cleaved ICD of TYRO3 were
identified with differential expression analyses (IV, Supplementary Fig. 13—18).
DMPA discovered 24 and 53 interactome, 110 and 84 phosphoproteome, 46 and 45
transcriptome and 130 and 136 total proteome modules and 51 and 56 unique
pathways for the full-length and cleaved TYRO3, respectively (IV, Supplementary
Fig. 19-20 and Supplementary Table 1-2).

54.7 Prediction methods were designed to contextualize
the results of DMPA

To increase the interpretability of DMPA results, prediction methods were developed
to contextualize the inferred modules and pathways. Subcellular location,
transcription factor and kinase prediction methods were designed for interactome,
transcriptome and phosphoproteome modules. The prediction methods were applied
to the modules of full-length and cleaved TYRO3. Several transcription factors and
kinases known to be regulated by TYRO3 were predicted as the upstream regulators
of TYRO3 transcriptome and phosphoproteome modules (IV, Supplementary Table
3,5) (Zhu et al., 2009; Guo et al., 2011; Brown et al., 2012; Fujita et al., 2018; Dufour
et al., 2019; Chen et al., 2020; Tsai et al., 2020). The subcellular location prediction
function for the interactome modules, in turn, was able to recapitulate the known
difference in nuclear and plasma membrane location of full-length and cleaved ICD
of TYRO3 (1V, Supplementary Fig. 12E and Supplementary Table 4). Interactome
modules of the full-length TYRO3 were more frequently predicted to localize into
the plasma membrane (33% against 9%, P<0.0001) and modules of the cleaved ICD
to the nucleus (24% against 8%, P=0.032).

A function prediction method was developed for the multi-omics pathways
inferred with DMPA and applied to the pathways of full-length and ICD of TYRO3.
A significant difference in the predicted function and the direction of the predicted
function for the pathways of full-length and cleaved TYRO3 was discovered (IV,
Fig. 5 and Supplementary Fig. 21). The full-length and the ICD of TYRO3 were
predicted to differentially regulate several cellular processes including cell cycle and
cell growth, cell death, cell adhesion and motility, cytoskeletal arrangement, cell
differentiation and immune responses (IV, Fig. 5 and Supplementary Fig. 21).
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54.8 The function prediction approach of DMPA can predict
cellular behavior

To examine whether the predicted functions of the DMPA pathways of full-length
and cleaved ICD of TYRO3 reflect cellular behavior, the growth, adhesion, and
morphology of WM-266-4 transfectants was explored. Cells expressing wild-type
TYRO3 proliferated significantly faster than cells expressing the cleavage-resistant
variants of TYRO3 when assessed with live cell imaging (IV, Fig. 6A) as expected
based on the predicted functions of the ICD pathway 31 and full-length TYRO3
pathways 14,19, 28 and 10 (IV, Fig. SA-B). The adhesion of the cells expressing the
wild-type TYRO3 also adhered more strongly to fibronectin coated plates when
assessed with real-time cellular impedance (IV, Fig. 6B). The stronger adhesion was
predicted by the predicted functions of the ICD pathway 10 and full-length TYRO3
pathway 20 (IV, Fig. 5C). The 2-dimensional morphology of WM-266-4
transfectants was assessed from confocal images. The predicted functions of the ICD
pathway 46 and the full-length pathway 9 predicted that the cell morphology is
differentially regulated by the full-length and cleaved ICD of TYRO3 (IV, Fig. 5D).
The convexity of the 2-dimensional shape of cells expressing wild-type TYRO3
indeed was significantly lower than the convexity of the shape of cells expressing
the cleavage resistant variants of TYRO3 (IV, Fig. 6C). The cells expressing the
wild-type TYRO3 additionally had more cell projections as anticipated by the
predicted function of the ICD pathway 1 (IV, Fig. 5D, 6C).
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6.1 The discovered sequence motif reveals a new
functional region in receptor tyrosine kinases
that could be putatively targeted for treatment

Research into the structure-function relationship of RTKs has been instrumental in
designing how to target these essential molecules as a therapy. Some structural
regions such as the eJM region have received less attention. (Lemmon, Schlessinger
and Ferguson, 2014). Here, a new sequence motif that associates with complex-type
N-glycans in cell surface proteins in the eJM region of RTKs was identified. Both
the signaling and the subcellular location of RTKs were partially defined by the
presence of the motif. The RTK dependent survival of cells was dependent on the
association between the motif region and the complex-type N-glycans for those cells
that expressed the RTKSs that contain the motif.

The fundamental differences between the signaling of the ErbB4 JM-a and JM-
b isoform led to the discovery of the motif. Despite of the high homology of STATSs
(Copeland et al., 1995), the mechanism of activation of STAT5a by ErbB4 JM-a and
STATS5b by ErbB4 JM-b were discovered to be markedly different. The activation
of STATS5b by ErbB4 JM-b required the presence but not the kinase activity of the
Janus kinase TYK2. The activation of STAT5a by ErbB4 JM-a in turn needed the
association between the JM-a motif region and complex-type N-glycans coupled to
cell surface proteins such as p1-integrin. Interestingly, the activation of STAT5a has
been reported to be Bl-integrin dependent in the mammary epithelial cells where
ErbB4 JM-a has been reported to activate STAT5a (Faraldo et al., 1998; Jones et al.,
1999; Long et al., 2003; Naylor et al., 2005). Thus, it is possible that f1-integrin is
the N-glycosylated cell surface protein that contains the type of N-glycosylated
residues that optimally associate with the motif area in ErbB4 JM-a.

The extracellular location of the sequence motif makes the motif area a more
convenient target for therapy development than several other RTK regions due to
easier accessibility. The physiological and clinical significance of the motif-based
categorization of the RTKs, however, needs to be first explored. Cancer provides an
interesting context to study the differences arising from the motif-based
categorization of RTKs for two reasons. One, RTKs are well established oncogenes
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that have been successfully targeted to treat cancer (Saraon et al., 2021). Two,
increased f1,6 branching of complex type N-glycans has been associated with cancer
progression, invasion and migration and poorer disease free and overall survival in
several cancer types (de-Souza-Ferreira, Ferreira and de-Freitas-Junior, 2023). The
B1,6 linkages were discovered as the preferred structural determinants of N-glycans
that associate with the JM-a motif. Potentially increased 1,6 branching would
promote recruitment of the RTKs that contain the sequence motif to the N-
glycosylated sites. The consequence of this potential recruitment remains unclear.
Scenarios where the increased recruitment would increase or decrease RTK
signaling or alter the signaling pathways activated by the RTKs that contain the
sequence motif are all possible. Similarly, it is unclear how the subcellular location
and signaling of RTKs that do not contain the motif would be affected by the
increased B1,6 branching. It is of note that annotations associated with migratory
behavior such as ruffle membrane and cytoskeleton were enriched in the interactome
of RTKs that contain the motif, but not of those without. Therefore, it can be
hypothesized that the increased 1,6 branching would lead to increased motif-based
signaling of RTKs that would lead to cancer progression. This hypothesis is
supported by the discovery that 1,6 branching of N-glycans increases B1-integrin
mediated migration of cancer cells (Zhao et al., 2006).

6.2 ErbB4 JM isoform-specific activation of a
specific STATS5 subtype uncovers a putative
candidate target for treatment of heart failure

Even with the current array of treatment options heart failure remains a high
prevalence disease with high mortality (Emmons-Bell, Johnson and Roth, 2022).
NRG-1/ErbB4 signaling has been established as a key regulator of growth and
survival of the myocardium and recombinant NRG-1 has been investigated in
clinical trials as a therapeutic agent for heart failure (De Keulenaer et al., 2019). Due
to the clinical potential of NRG-1/ErbB4 signaling in the heart, the myocardium was
selected as a potentially translational background to study the consequence of the
differential STATS signaling arising from the difference in the eJM region of ErbB4
JM-isoforms. The myocardium was known to only express the ErtbB4 JM-b isoform
that was discovered to preferentially activate STATS5b (Elenius et al., 1997a;
Veikkolainen et al., 2011). STATS5b was also discovered to be the major STATS
subtype expressed in the heart.

STATSb was discovered to be activated downstream of NRG-1 and ErbB4 in
cardiomyocytes. STATSb mediated both the hyperplastic and hypertrophic
myocardial growth in embryonic and postnatal stages, respectively, and induced the
expression of the myocardial growth genes IGF-1 and MYC in cardiomyocytes. The
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NRG-1/ErbB4/STATSD signaling pathway was also discovered to be involved in
pathological hypertrophy.

While these findings do not directly prove the clinical potential of STATS5b in
the treatment of myocardial diseases, they give indications that STATSb might be
involved in similar processes as NRG-1 in the myocardium. The next logical step
would be to study the role of STATSDb in injury models both alone and as a potential
downstream effector of NRG-1. It would be of interest to see whether the
cardioprotective effect of NRG-1 is dependent on STATSb since STATS has also
previously been discovered to mediate the cardioprotective effect of remote ischemic
preconditioning (Chen et al., 2018). Interestingly, STAT5 has been reported to
regulate the activation of Akt in the heart (Chen et al., 2018; Kimura et al., 2018),
which has been attributed as the downstream effector responsible for the
cardioprotective effect of NRG-1 (Bersell et al., 2009; Bian et al., 2009; Fang et al.,
2010). Administration of the protein product of the STAT5Sb target gene /GF-1 has
also been discovered to ameliorate cardiac injury in animal models and clinical trials
(Welch et al., 2002; Komamura, 2017).

STATSD inhibitors could be potentially utilized as a therapy for pathological
hypertrophy, but to utilize STAT5b as target for heart failure treatment, the negative
regulators of STATS5D signaling in the heart should be identified. Both phosphatases
and transcriptional repressors of STAT5b could be considered as targets (Yu, Jin and
Burakoff, 2000; Nakajima et al., 2001; Sefat-E-Khuda et al., 2004; Martens et al.,
2005; Rigacci et al., 2008; Huang et al., 2012). The increase in proliferation in
embryonic zebrafish, a species known for its regenerative capability (Poss, Wilson
and Keating, 2002), could indicate that induction of STATS5Db activation might have
regenerative potential. The regeneration of adult myocardium is considered to mostly
arise from the diploid mononuclear cardiomyocytes that are still able to proliferate
(Bersell et al., 2009; Senyo et al., 2013; Patterson et al., 2017). STATSb, however,
did not affect the proliferation rate, but the survival of dividing adult cardiomyocytes
(unpublished data). ErbB2 mediated cardiomyocyte re-entry to the cell cycle,
however, has been reported to be mediated by the activation of STATS (Hirai et al.,
2017). It remains to established whether STATSb signaling only increases the
survival of the cardiomyocytes in the myocardium or can also induce their
regeneration.

Here, Dynamin-2 was identified as another regulator of NRG-1/ErbB4 signaling
in the heart. Dynamin-2 was observed to regulate the cell surface location of ErbB4
and therefore the downstream STATS5Db signaling. Dynamins have previously been
reported to control the endocytosis but not the plasma membrane location of ErbB
receptors (Sousa et al., 2012; Cortese et al., 2013). Since depletion of both Dynamin-
2 and ErbB4 has been reported to result in heart failure (Garcia-Rivello et al., 2005;
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Lietal., 2013), it is possible that the heart failure associated with Dynamin-2 knock-
down is due to downregulation of NRG-1/ErbB4 signaling in the heart.

6.3 Research into the cross-talk between
angiogenic signals and myocardial growth
signals reveal mechanisms of physiological
myocardial growth

VEGF-B regulates the availability of VEGF-A to VEGFR-2 in endothelial cells
(Olofsson et al., 1996; Hiratsuka et al., 1998; Rahimi, Dayanir and Lashkari, 2000).
AAV-induced expression of VEGF-B was observed to increase physiological
hypertrophy of the myocardium. To screen for a mechanism for the myocardial
growth effect, VEGF-B was discovered to induce the transcription and the release of
ErbB ligands HB-EGF and NRG-1 which activated the ErbB receptors ErbB1 and
ErbB4 in the myocardium. The ErbB signaling was, however, probably not the only
myocardial growth pathway activated by the VEGF-B expression.

These results present a mechanism for the crosstalk from the endothelial cells to
the myocardium that leads to physiological myocardial growth. The mechanism of
the crosstalk from the myocardium to endothelial cells, however, was not explored
in this thesis. Interestingly, both NRG-1 and STATS have been detected to regulate
the expression of VEGF-A and STATS dependent VEGF-A protein expression has
been detected in the heart (Iivanainen et al., 2007; Chen et al., 2018). These
observations could indicate that in response to the growth signals from the
endothelial cells the cardiomyocytes would produce angiogenic signals to the
endothelial cells via the NRG-1/ErbB4/STATSb pathway. This reciprocal signaling
could ensure that the cardiac vessels grow in tandem with the myocardium to ensure
sufficient blood flow to maintain cardiac function.

6.4 DMPA discovers multi-omics modules and
pathways more consistently from more diverse
datasets and with lower sample sizes than
previous approaches

Here, a prior data-independent multi-omics integration method was developed that
is unique since it was specifically designed for cell signaling pathway discovery from
multi-omics data. While some previous approaches have been proposed, their
suitability to multi-omics data has not been defined and a formal analysis on the
implications of the derived results from these methods is currently lacking (Acharjee
etal., 2016; Zoppi et al., 2021). Prior data-independent methods are especially suited
to the discovery of new cell signaling connections since these methods are unaffected

94



Discussion

by the biases of prior knowledge (Garrido-Rodriguez et al., 2022). The discovery of
new signaling connections potentially enables the discovery of new therapeutic
targets.

The method proposed here, the DMPA, is based on the combination of two
association measures, the combined score, that was discovered to be conserved
across datasets. A level of conservation is expected from a score that represents
relationships that are partially reproduced across different contexts. The three-
feature maximization concept, one of the principal concepts of the DMPA, was
discovered to increase the accuracy of DMPA.

The DMPA was consistently able to discover known associations and cell
signaling pathways from multi-omics data. DMPA outperformed previous
approaches by having a more consistent performance across datasets and by handling
small sample sizes and zero-inflated data. DMPA proved to be a robust approach
that can be utilized with several different omics data types.

The prediction methods of DMPA were designed to help in the interpretability
of the results of DMPA. The function prediction of DMPA pathways was not only
able to accurately portray the differences in cellular behavior but was also able to
predict the direction of the cellular behavior. The function prediction of DMPA
pathways was able to identify the fundamental difference in the regulation of cell
growth, cell adhesion and cell morphology in the in-house acquired multi-omics
datasets of cells expressing the cleaved and full-length TYRO3.

6.4.1 Limitations and future improvement strategies of
DMPA

Due to the data drivenness of DMPA, DMPA is relatively sensitive to the quality of
the omics data. High noise levels can lead to false positives in the DMPA. Non-
parametric formulation was partially chosen to overcome this limitation. The multi-
omics datasets that are analyzed with DMPA should be acquired from the same
samples. DMPA does not support combining multi-omics data from different
sources even though the datasets would represent the same tissue or cell type in the
same conditions. Since DMPA was discovered to be sensitive to the parameter S that
controls the cut-off limit for the combined score based on the number of features of
datasets that have no true associations, incorrect parameter S choice can lead to either
false positives or false negatives in the results of DMPA. A visualization technique
was developed that will hopefully allow the user to select the parameter S correctly.

The current version of DMPA has been designed only to discover linear
relationships and therefore misses non-linear relationships that could be discovered
with mutual information-based or regression methods (Steuer et al., 2002; Margolin
et al., 2006; Song, Langfelder and Horvath, 2012). DMPA also does not solve the
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directionality of the relationships. A partial correlation based extra step could be
implemented in the pipeline to solve the directionality of the relationships inside
modules and pathways. Since the number of features inside the modules and the
number of modules inside pathways are limited, the high-dimensionality problem
(Ledoit and Wolf, 2004) of partial correlation-based methods should not pose an
issue for solving the directionality. The partial correlation based extra step could also
be utilized to better differentiate between direct and spurious connections (Werhli,
Grzegorczyk and Husmeier, 2006; Zuo et al., 2014). The module combination step
to pathways could be linearized to improve the interpretability of the pathways. A
three-feature maximization-based scoring could be used instead of clique discovery.
Finally, the applicability of DMPA to single-cell multi-omics data should be
assessed. The zero-inflated nature of single cell omics data can be most likely
handled by the zero-inflated version of DMPA. However, since acquiring more than
one omics layer from the same single cell is still rather rare, a cell matching paradigm
would need to be developed to utilize DMPA in single cell multi-omics analysis.
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Summary/Conclusions

The mechanisms of RTK signaling diversity were examined in this thesis by
studying the difference in signaling arising from the extracellular juxtamembrane
region (eJM) of RTKs. To achieve this, the natural juxtamembrane isoforms of
ErbB4 were utilized first to uncover a new sequence motif in the eJM region and
second to understand the consequence of the differential signaling in the
myocardium. To elucidate new signaling connections of RTKs and other cell
signaling molecules from multi-omics data, a new prior data independent cell
signaling pathway analysis method was developed. New cell signaling mechanisms
were researched and methods to reveal cell signaling connections were constructed
to aid in future therapeutic target candidate discovery and therapy development.
The main findings in this thesis can be concluded as follows (Figure 20):

1.

A sequence motif in the extracellular juxtamembrane region of RTKs binds
complex-type N-glycans in cell surface proteins. This interaction determines
the cell surface location and downstream signaling of RTKs. This functional
region may serve as a new approach to target RTKs for therapy.

ErbB4 JM-a and JM-b isoforms activate different STATs. The ErbB4 JM-b
isoform-specific activation of STATS5b mediates the myocardial growth
signal of NRG-1 and ErbB4 in embryonic and postnatal heart. The NRG-
1/ErbB4/STATSb pathway is involved in pathological hypertrophy.
Dynamin-2 controls the activation of the NRG-1/ErbB4/STATS5b cascade in
cardiomyocytes by regulating the cell surface location of ErbB4. These
findings may aid in developing therapies for heart failure especially due to
the previously discovered therapeutic potential of NRG-1 in clinical trials.

The angiogenic factor VEGF-B activates ErbB signaling in the myocardium
by regulating the expression and release of NRG-1 and HB-EGF from
endothelial cells. Both ErbBl and FErbB4 are activated in the
cardiomyocytes. VEGF-B signaling could be considered as a new approach
to induce NRG-1/ErbB signaling as a therapy for heart failure.

The de novo multi-omics pathway analysis can be used to discover new cell
signaling connections from multi-omics data since it is unbiased by prior
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information. DMPA can handle the heterogeneity of multi-omics data, low
sample sizes and zero-inflated data and outperforms previous approaches.
The prediction functionalities of DMPA can help in finding new connections
related to a certain cellular behavior. DMPA could be utilized in unbiased
therapeutic target discovery.

cardiac endothelial cell N-glycan
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Figure 20. The molecular mechanisms of receptor tyrosine kinases uncovered in this thesis.
Expression of VEGF-B controls the availability of VEGF-A to VEGFR2 in cardiac
endothelial cells. Activation of VEGFR2 with VEGF-A induces the expression of HB-
EGF and release of NRG-1 and HB-EGEF to the extracellular space. The released NRG-
1 and HB-EGF activate ERBB4 and EGFR in cardiomyocytes. In cardiomyocytes
ERBB4 JM-b isoform coupled to the Janus kinase TYK2 activates STAT5b by
phosphorylating its activating tyrosine residue. The activated STAT5b dimerizes and
accumulates to the nucleus, where it induces the transcription of its target genes IGF-1,
MYC and CDKN1A. Activation of the NRG-1/ERBB4/STAT5b pathway results in
cardiomyocyte proliferation in prenatal and cardiomyocyte hypertrophy in postnatal
myocardium. Dynamin-2 controls the translocation of ERBB4 to the plasma membrane
in cardiomyocytes and in mammary epithelial cells. In the mammary epithelial cells
ERBB4 JM-a and INSR localize to different membrane microdomains due to the
presence or absence of a sequence motif in their eJM region. Due to the differential
membrane microdomain location ERBB4 JM-a and INSR activate different STATS;
ERBB4 JM-a STAT5a and INSR STAT5b and STAT3 in mammary epithelial cells. The
sequence motif in the eJM region of ERBB4 JM-a isoform binds to complex type N-
glycans in cell surface proteins such as B1-integrin. CDKN1A: cyclin dependent kinase
inhibitor 1A. eJM: extracellular juxtamembrane. ERBB: erythroblastic leukemia viral
oncogene. HB-EGF: heparin binding EGF-like growth factor. IGF-1: insulin-like growth
factor 1. INSR: insulin receptor. JM: juxtamembrane. NRG-1: neuregulin-1. STAT: signal
transducer and activator of transcription. TYK2: tyrosine kinase 2. VEGF: vascular
endothelial growth factor. VEGFR: vascular endothelial growth factor receptor.
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